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INTRODUCTION. 


It  is  a  matter  of  regret  to  the  Committee  which  was  entrusted  with 
the  task  of  the  publication  of  this  Report  that  it  has  found  itself 
unable  to  devise  a  fully  adequate  title  for  this  volume,  including, 
as  it  does,  so  many  other  valuable  data  beyond  those  contained  in 
the  report  itself.  Before  the  question  of  publication  had  even  begun 
to  be  seriously  considered,  it  became  evident  that  the  value  of  the 
Report  to  some  extent  depended  upon,  and  would  at  all  events  be 
greatly  enhanced  by,  the  inclusion  of  the  results  of  other  investiga- 
tions, both  theoretical  and  practical,  which  were  available  in  various 
more  or  less  inaccessible  forms.  The  volume  therefore  opens  with 
an  account  of  the  joint  theoretical  work  of  Mr.  H.  T.  Tizard,  M.A., 
and  Mr.  D.  R.  Pye,  M.A.,  which  formed  the  basis  of  the  investiga- 
tions subsequently  carried  out  by  Mr.  H.  R.  Ricardo  for  the  Asiatic 
Petroleum  Co.,  Ltd.,  the  results  of  which  form  the  second  Section 
of  the  book.  The  third  Section  is  entirely  occupied  by  the  Report 
of  the  Em])ire  Motor  Fuels  Committee,  while  the  fourth  Section  is 
devoted  to  a  series  of  complementary  notes,  designed  to  bring  exist- 
ing knowledge  up  to  date,  as  follows  : — - 

1.  A  note  by  Dr.  A.  E.  Dunstan,  D.Sc,  F.I.C.,  M.I.  Pet. 
Tech.,  on  the  investigations  carried  out  in  America  in  regard  to 
the  subject  of  detonation,  which  was  brought  into  such  pro- 
minence in  the  course  of  the  experiments  on  alcohol. 

2.  A  note  by  Dr.  W.  R.  Ormandy,  D.Sc,  F.I.C.,  M.I.  Pet. 
Tech.,  on  the  Physical  and  Chemical  Properties  of  Alcohol  in 
Admixture  with  other  Fuels. 

3.  A  note  by  Mr.  H.  R.  Ricardo,  B.A.,  M.I.A.E.,  on  further 
researches  carried  out  by  him  on  several  problems  which  were 
brought  to  light,  but  not  solved,  during  his  investigations 
published  in  Sections  IT.  and  III. 
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The  volume  may  therefore  be  said  to  contain  within  its  covers  a 
complete  review  of  the  subject  of  fuels  for  use  in  high-speed  internal 
combustion  engines,  so  far  as  it  is  known  to-day  (July,  1924),  and 
the  data  now  placed  on  record  are  bound  to  be  of  great  technical 
and  practical  value,  alike  to  automobile  engineers,  to  the  producers 
of  motor  fuels,  and  to  those  interested  in  alternative  or  supple- 
mentary fuels. 

The  cost  of  the  investigations  carried  out  by  Mr.  Ricardo,  as  set 
out  in  Section  II.,  was  entirely  borne  by  the  Asiatic  Petroleum  Co., 
Ltd.;  the. cost  of  the  investigations  set  out  in  Section  III.  was  met 
by  grants,  including  £312  10s.  from  the  Department  of  Scientific  and 
Industrial  Research,  £750  from  the  Royal  Automobile  Club  and 
£750  from  the  Commercial  Motor  Users  Association  (Incorporated). 

The  cost  of  publication  of  the  present  volume  has  been  met  jointly 
out  of  the  unexpended  balance  of  the  sum  subscribed  for  the  investi- 
gation contributed  by  the  Empire  Motor  Fuels  Committee,  namely 
£200,  a  grant  of  £100  from  the  Institution  of  Petroleum  Technolo- 
gists, a  grant  of  £100  from  the  Institution  of  Automobile  Engineers, 
and  the  balance  by  a  contribution  from  the  Distillers  Co.,  Ltd.,  while 
the  Institution  of  Automobile  Engineers  has  contributed  a  further 
share  in  bearing  the  burden  of  the  editorial  work. 

The  Empire  Motor  Fuels  Committee,  to  which  the  credit  for  the 
inception  of  the  idea  of  the  publication  of  the  Report  is  due,  was  set 
up  by  the  Imperial  Motor  Transport  Council,  of  which  H.R.H.  Prince 
Arthur  of  Connaiight  is  President,  and  the  Hon.  Sir  Arthur  Stanley, 
G.B.E.,  is  Chairman,  in  May,  1920,  with  the  following  terms  of 
reference  : — 

(a)  To  take  immediate  steps  to  encourage  and  develop  pro- 
duction and  utilisation  of  additional  motor  fuel  supplies  or 
raw  materials  therefor  in  all  parts  of  the  Empire,  and  more 
particularly  to  ensure  increasing  shipments  of  motor  fuels  to 
Great  Britain,  and  so  far  as  may  be  necessary  to  the  Empire 
Overseas. 

(&)  To  co-operate  with  any  Government  or  incorporated  or 
unincorporated  body  of  persons  in  order  to  further  the  object 
set  forth  in  (a)  hereof. 

(c)  To  offer  for  the  purposes  in  view  bonuses  or  other  rewards, 
and  to  incur  such  expenditure  as  may  be  desirable,  all  such 
expenditure  being  subject  to  the  approval  of  the  Council. 
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The  composition  of  the  ('ommittee  is  as  under  : — 

E.  S.  Shrapxell-Smith,  C.B.E.,  F.C.S.,  M.  Inst.  T.  {Chair- 

man). 
Sir  G.  H.  AsHDOWN,  K.B.E.,  I.S.O. 

Brig.-Gfen.  E.  K.  Bagnall-Wild,  C.M.G.,  C'.B.E.,  ]\r.T.A.E. 
Trofessor  H.  B.  Baker,  C.B.E.,  M.A.,  D.Se.,  F.R.S. 
Sir  Charles  Bedford,  LEi.D.,  D.Sc,  F.T.C. 
Sir  John  Cadman,  K.O.M.CI.,  D.Sc. 
J.  C.  Clarke,  C.B.E. 
Col.  C.  E.  Cox,  D.S.O. 
Professor  H.  B.  DrxoN,  C.B.E.,  F.R.S. 
Admiral  Philip  W.  Dumas,  C.B.,  C.V.O. 
Major  C.  H.  W.  Edmonds,  C.B.E. 
Sam  Henshaw,  F.I.C. 

Sir  H.  Capel  HoLDEN,  K.C.B..  F.R.S.,  M.I.A.K. 
Major  T.  M.  Hutchinson,  D.S.O.,  O.B.E.,  M.I.A.E. 
Dr.  C.  H.  Landor,  D.Sc,  M.I.  Meeh.  E.,  A.M.  Inst.  C.E 
Sir  Chas.  Metcalfe,  Bart.  {Hon.  Treasurer). 
Major  C.  R.  F.  Morgan,  D.S.O. 
Dr.  W.  R.  Ormandy,  D.Sc,  F.I.C,  M.I.A.E. 
W.  H.  Ross,  O.B.E. 
(i.  J.  Shave,  M.I.  Meeh.  E.,  M.I.A.E. 
Col.  J).  J.  Smith,  O.B.E.,  M.I..\.E. 
Major  H.  R.  Watling. 
CI.  \V.  Watson,  M.T.  Moch.  E.,  M.I.A.E. 
Horace  Wyatt. 

F.  (1.  Br[.st<)\v,  K.C.T.S.,  M.  Inst.  T.,  A.T.A.E.  {Hon.  Secre- 

lanj). 

From  lhf.se.  llu^  fcilhtwiiig  workinp:  Committees  were  arranged  : — - 

EiHjineeriiU]  SiiJi-( 'i)niniiflee. 

Dr.  W.  R.  OR^[ANDY,  D.Sc,  F.I.C.  (Chairman). 

Sir  11.  Capel  Holden,  K.C.B.,  F.R.S. 

Dr.  C.  H.  Landor,  D.Sc,  M.I.  Meeh.  E.,  A.M.  Inst  C  E. 

G.  J.  Shave,  M.I.  Meeh.  E.,  M.I.A.E. 
CI,  W,  Watson,  MI,  Meeh,  E.,  M.I.A.E. 

A 


VI  THli    INSTITUTION    OF    AUT0>[0B1LK    ENOINEKR.*! 

Denaturah'oii  Sah-Gommittee. 

Sir  Chaklks  Bedford,  hL.D.,  D.Sc.  (Chairman). 

Sir  a.  H.  AsHi^owN,  K.B.E.,  I.S.O. 

Professor  H.  B.  Bakkr,  C.B.K.,  M.A.,  D.Sc,  K.R.S. 

Sam  Hknshaw,  F.T.C. 

J)r.  W.  R.  Ormandy,  D.Sc,  F.I.C,  M.I.A.E. 

W.   I[.  Ro.'^s,,  O.B.E. 

'Alcohol  Excise  Restrirtio^s  Siih-Coinitilllcc. 

Sir  Charles  Bedford,  LL.D.,  D.Sc.  (Chiiirniau). 
Dr.  W.  R.  Ormandy,  D.Sc,  F.I.C,  M.I.A.E. 
W.  H.  Ross,  O.B.E. 

The  ftrst  Sub-Committee  was  entrusted  with  the  duties  of  preparing 
a  synopsis  regarding  the  development  and  use  of  power-alcohol 
engines,  embodying  information  as  to  the  lines  of  procedure  with 
regard  to  experiments  and  including  recommended  standards  for 
denaturants  and  mixtures. 

The  second  undertook  the  study  of  new  methods  of  denaturation 
for  adoption  throughout  the  British  Empire,  and  considering  the 
adoption  of  alternative  methods  of  denaturation  common  to  the 
whole  Empire  and  accepted  as  such  by  the  different  Customs  Autho- 
ritit's  throughout  the  Empire. 

The  third  was  concerned  with  the  modifications  of  existing  Excise 
restrictions  on  the  nianufacture  of  industrial  ah'ohol  and  on  its 
carriage  and  storage  in  bulk. 

The  reports  of  the  second  and  tliird  Suli-Comniittees  have  been 
separately  circulated. 

The  researches  carried  out  at  the  request  of  the  Departmental 
Committee  appointed  in  1918  by  Mr.  Walter  Long  under  the 
direction  of  Prof.  H.  B.  Dixon  upon  the  ignition  temperatures  of 
alcohol  and  other  vapours,  and  detonation  of  alcohol,  etc.,  under 
various  conditions,  are  referred  to  at  length  in  the  Proceedings  of 
the  Imperial  Motor  Tran.sport  Conference  of  1020,  pp.  77  el  seq. 

(Signed)  W.  R.  ORMANDY, 

Chaitnian  oj  Publicatiun  Committee. 


EMIMKE    MUTUK    I'UEL.S    ('(J.M  MITTEI':    ItEPOUT  VU 

Tlif  Kmiiin-  Motor  Fuels  C'oiiuuittcf  a.s  a  body  tlrsires  to  [ilace  on 
record  : — 

(1)  Its  high  appreciation  of  the  successful  labours  carried 
througli  by  the  Sub-Couiniittccs  mentioned  above. 

(2)  Its  obligation  to  the  Hon.  Secretary  of  the  (Jonimittee, 
Mr.  Bristow,  for  his  services  during  the  past  four  yetixs. 

(.3)  Its  warm  appreciation  of  the  generous  action  nf  the 
Asiatic  I'etroleuiu  Co.  in  allowing  the  [>ublication  of  such 
valuable  scientific  results  obtained  at  great  expense  to  them- 
selves. 

(4)  It^  thanks  to  Messrs.  Tizard  and  Pye  for  kindly  allowing 
their  work  to  be  embodied  in  this  volume,  to  the  pro|)rietor3 
of  I'hc  Aulomohilc  Engineer  for  permitting  the  wlioie  of  the  work 
published  in  that  journal  by  Messrs.  Tizard  and  J'ye  and  Mr. 
Kicardo  to  be  re])roduced  in  this  volume,  and  to  Dr.  A.  Ji. 
Uunstan,  Dr.  W.  K.  Ormandy  and  Mr.  H.  R.  Ricardo  for  com- 
])iling  the  final  notes  which  form  such  a  valuable  Appendix  to 
the  volume. 

(5)  Its  indebtedness  to  the  Department  of  Scientific  and 
Industrial  Research,  the  Royal  Automobile  Club,  the  Institu- 
tion of  Petroleum  Technologists,  the  Commercial  Motor  Users 
Association,  The  Distillers  Co.,  Ltd.,  and  the  Institution  of 
Automobile  Engineers  for  the  financial  support  already  recorded. 

(G)  Its  cordial  recognition  of  the  valuable  help  in  editing  the 
various  articles  and  checking  the  figures  throughout  rendered 
by  the  Institution  of  Automobile  Engineers,  and  particularly 
by  Dr.  Ormandy  and  its  Secretary,  Mr.  Joy. 

{Signed)  E..  S.  SHRAPNELL-SMITH, 

Chairman,  Empire  Motor  Fuels  Comniillce. 

LoNDux,  ■lith  June,  1924. 
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SECTION  T. 


the  character  of  various  fuels  for  internal 
cm:)mbustion  engines. 


THE  CHARACTER  OF  VARIOUS  FUELS  FOR  INTERNAL 
COMBUSTION  ENGINES. 

The  Influences  of  Specific  Heat  and  Dissociation  of  the  Working 

Flu  id. 

By  H.  T.  TizABD,  M.A.,  and  D.  R.  Pye,  M.A.,  A.I.A.E. 

Part  I. 

The  follo\nng  theoretical  work  was  undertaken  as  a  preliminary 
to  the  complete  experimental  investigation  into  the  effect  of  chemical 
composition  of  the  fuel  upon  engine  performance  by  Messrs.  Ricardo, 
in  which  the  authors  have  had  the  privilege  of  taking  some  part. 

The  whole  of  the  work  was  imdertaken  for  the  Asiatic  Petroleum 
Co.,  who  agreed  that  the  investigation  should  not  be  confined  to 
matters  of  possible  commercial  value,  and  throughout  they  have, 
very  generously,  never  raised  the  smallest  objection  to  the  publica- 
tion of  any  results  of  general  scientific  interest  which  have  arisen 
in  the  course  of  the  work. 


In  seeking  for  a  "  standard  engine  of  comparison  "  with  which  the 
calculated  performance  of  actual  internal  combustion  engines  might 
be  compared,  the  earliest  proposal  was  that  the  standard  engine 
should  be  supposed  to  follow  the  "'  constant- volume  "  cycle,  with 
"  ideal  air  "  as  the  working  substance. 

"  Ideal  air  "  is  a  perfect  gas,  having  constant  specific  heats  at  all 
temperatures,  for  which  the  value  of  y,  the  ratio  of  the  specific  heats 
at  constant  pressure  and  constant  volume  is  equal  to  1.4. 

In  an  engine  working  on  the  above  cycle  tlae  working  substance 
is  supposed  to  be  : 

V 

(1)  Compressed  adiabatically  in  the  ratio  ^  =  y. 

(2)  Instantaneously  heated  at  constant  volume  Vb  =  Vc  to  its 
maximum  temperature  tc°  C. 

(3)  Expanded  adiabatically  to  its  original  volume  Vd  =  Va. 

(4)  Cooled  instantaneously  at  constant  volume  to  its  original 
temperature  ?a°  C, 
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Such  a  cyck'  has  the  advantage  that  the  thermal  etticieucy  of  an 
engine  working  upon  it  is  very  simply  expressed  as 


1 


cr^' 


The  thermal  efficiency  therefore  depends  only  on  the  ratio  of  com- 
pression, and  will  steadily  increase  as  the  compression  is  raised. 

There  are  different  senses  in  which  the  "  standard  engine  of  com- 
parison "  may  be  looked  upon  as  the  ideal  with  which  real  and  imper- 
fect engines  may  be  compared.  There  is  an  essential  difierence,  for 
instance,  between  an  engine  of  comparison  which  postulates  a  work- 
ing substance  such  as  '"  ideal  air  "'  and  one  which  takes  account  of 
the  properties  of  the  real  working  substance  and  only  defines  and 
simphfies  the  working  conditions  by  assuming,  for  instance,  that  the 
heating  of  the  w'orking  substance  is  instantaneous,  and  that  there 
shall  be  no  loss  or  gain  of  heat  by  conduction  through  the  cyhnder 
walls.  The  first,  from  the  nature  of  things,  must  ever  remain  far 
removed  from  practical  possibihties,  while  the  second,  by  taking 
into  account  the  fundamental  physical  conditions  and  properties 
of  the  substances  involved  in  the  working  of  an  actual  engine, 
becomes  an  approachable,  though  not,  so  far  as  can  be  seen,  an 
attainable,  ideal. 

It  has  been  recognised  for  some  time  that  the  ''  ideal  air  "  cycle 
is  sometimes  too  far  removed  from  practical  possibilities  to  form  a 
satisfactory  basis  of  comparison.  An  ideal  cycle  should  afford  a 
guide  to  engine  designers  in  the  sense  that  it  should  show  what  is 
to  be  expected  as  a  result  of  a  modification  in  design,  such  as  raising 
the  compression-ratio,  any  fundamental  physico-chemical  conditions 
being  taken  into  account,  but  the  processes  in  the  engine  being 
legitimately  simplified  by  the  neglect  of  practical  imperfections,  so 
as  to  allow  results  to  be  calculated  with  reasonable  ease  and  to  make 
the  conditions  of  calculation  independent  of  any  particular  engine. 

In  accordance  with  the  foregoing  principles,  therefore,  we  should, 
in  defining  fhe  cycle  of  operations  for  the  standard  engine  of  com- 
parison, take  into  account  the  properties  of  the  real  working  sub- 
stance (a  mixture,  as  a  rule,  of  Ng,  COj,  H,0,  with  smaller  quantities 
of  CO,  H2,  O2,  and  other  comj^ounds),  and  any  fundamental  con- 
ditions which  must  obtain  in  the  cylinder  during  and  after  com- 
bustion. 

II. 

The  power  and  efficiency  of  an  internal  combustion  engine  may 
vary  with  the  type  of  fuel  used.  The  most  common  liquid  fuel  is  a 
mixture  of  hydrocarbons,  v/hich  may  vary  in  chemical  composition 
from  those  containing  a  high  proportion  of  carbon — e.g.,  the 
aromatics  CnHgn-e — to   those  containing  a  relatively  much  higher 
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pro])ortion  of  hydrogen — e.cj.,  the  paraffins  C^Hj^  -u  o-  There  is 
no  doubt  that  chemical  composition  has  a  profound  efEect  on  beha- 
viour in  an  engine  from  some  points  of  view,  such  as  tendency  to 
detonation,  but,  apart  from  this,  the  question  arises  whether  by 
a  change  of  fuel  the  maximum  power  of  an  engine,  working  under 
otherwise  constant  conditions,  can  be  increased.  It  is  clear  that  the 
factors  controlling  maximum  power,  assuming  equal  volumetric 
efficiency,  are  : — 

(«)  Heat  of  combustion  per  unit  volume  of  combustible  gas. 

(6)  Change  in  the  number  of  molecules  on  combustion. 

(c)  Specific  heat  of  the  resulting  gases. 

Item  (a)  can  be  calculated  for  pure  hydrocarbons  from  the  chemical 
equation  of  the  reaction  if  we  know  the  molecular  heat  of  com- 
bustion, or  the  heat  of  combustion  per  gram.  Thus  the  heat  of  com- 
bustion of  benzene,  including  the  heat  of  condensation  of  the  water 
formed,  is  known  from  the  very  accurate  researches  of  T.  W. 
Richards*  and  his  collaborators  to  be  780  kg.  calories  per  gram  mole- 
cule. The  loiver  molecular  heat  of  combustion  is  therefore  780,000 
—  54  X  o-iO  =  751  kg.  calories.     The  combustion  equation  is 

2  CeHe  +  15  0.,  (+  56.4  N,)  =  12  CO2  +  6  H,0  (^  5G.4  N2). 

Total  molecules  before  reaction  =  73.4. 

Total  molecules  after  reaction    =  74.4. 

Ratio  =  1.013. 

Heat  of  combustion  per  gr.  molecule  of  combustible  mixture 

^  2  X  751 

~     73.4 

=  20.46  kg.  calories. 

Richards's  experiments,  which  were  made  'ndth  benzene,  toluene, 
the  three  isomeric  xylenes,  the  five  isomeric  octanes,  and  cyclo- 
hexane,  are  of  a  very  high  order  of  accuracy.  The  results  of  other 
workers  on  the  heats  of  combustion  of  pure  hydrocarbons  are  not 
so  accurate,  but  sufficient  data  exist  to  show  that  in  any  series  of 
hydrocarbons  an  addition  of  a  CH2  group  to  the  molecule,  i.e..  an 
addition  of  14  to  the  molecular  weight,  increases  the  (lower)  molecular 
heat  of  combustion  by  about  145  kg.  calories.  The  figures  given  in 
Table  I.  are  considered  the  best  available — those  not  due  to  Richards 
are  taken,  for  the  most  part,  from  Landolt  and  Bornstein's  Tables 
(1912  edition). 

It  is  interesting  to  note  that  although  the  heat  of  combustion  per 
gram  (the  so-called  calorific  value)  is  about  10  per  cent  lower  for 
aromatic  than  for  paraffin  hydrocarbons,  and  for  ethyl  alcohol  is 
only  two-thirds  of  the  value  for  benzene,  yet  the  heat  of  combustion 

*  J.  Amer.  Chem.  Soc,  1910,  Vol.  32,  p.  268;  1915,  Vol.  37,  p.  993: 
1917,  Vol.  39,  p.  341. 
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Table  I. 


Heat  of  combustion  in  kg.  Cals. 


Boiling 

A. 

B. 

C. 

BxC. 

Hydrocarbon. 

Forniiila. 

point. 

Per 

Per 

gm.  molecule! Volume 

gramme 

of  combustible 

ratio. 

of  fuel. 

mixture . 

Paraffins. 

Hexane 

CeHit 

G9-0 

10.76 

20.03 

1.053 

21.1 

Heptane 

0,H,, 

98.4 

10.7 

20.1 

1   1.056 

21.2 

Octane 

CsH,. 

124.5 

10.65 

20.10 

1   1.058 

1 

21.2 

Aromatics. 

1 

Benzene 

C^He 

80.4 

9.64 

20.46 

:    1.013 

20.7 

Toluene 

CjHg 

110.3 

9.76 

20.46 

1.023 

20. » 

Xylene 

CgHio 

140  (abt.) 

9.85 

20.44 

1.029 

1 

21.1 

Naphthenea. 

Cyclohexane 

CsH., 

80.8 

10.5 

20.09 

1.045 

21.0 

Ethyl  alcohol 

C.HsOH 

78.3 

6.45 

19.41 

1.065 

20.7 

of  vmit  volume  of  "  mixture  "  is  constant  to  within  about  2  per  cent 
for  all  hydrocarbons  with  which  we  are  concerned,  and  is  only  slightly 
lower  for  ethyl  alcohol.  The  working  fluid  after  combustion  is 
approximately  the  same  in  each  case- — the  proportions  of  CO^ 
and  HjO  alter,  of  course,  but  there  is  a  large  amount  of  inert  nitrogen. 
The  maximum  power  obtainable  should  therefore  be  closely  pro- 
portional to  the  product  of  the  heat  per  unit  volume  and  the 
"  volume-ratio  "  before  and  after  combustion.  The  last  column 
gives  this  product  in  each  case — the  extreme  difference  is  about 
3  per  cent. 

We  show  later  that  the  actual  difference  between  different  hydro- 
carbons, when  specific  heats  are  allowed  for  accurately,  is  likely  ta 
be  even  less  than  this — a  conclusion  which  is  supported  by  some 
careful  experiments  made  with  a  special  single-cylinder  engine  of  Mr. 
Kicardo's  design. 

It  is  a  difficult  matter  to  obtain  strictly  comparable  results  for 
maximum  power,  since  this  depends  very  noticeably  on  volumetric 
efficiency,  or  charge  weight  in  cylinder,  and  this  in  its  turn  on  the 
latent  heat  of  evaporation  of  the  fuels.  Table  II.  gives  figures  which 
are  the  means  of  several  observations  for  maximum  power  on  four 
typical  fuels. 

Table  II. 

Fuel.  Max.  I.M.E.P.  observed. 

Pure  benzene        131.6 

Petrol  (all  parattins) 131.  3 

Pure  cyclo-hexane       131.3 

Pm-e  ethyl  alcohol       137. 8 
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In  these  observations  tlie  same  amount  of  heat  was  suj)plied 
(electrically)  to  the  intake  air  in  each  case.  The  firsb  three  fuels, 
which  represent  the  aromatic,  paraffin,  and  naphthene  groups 
respectively,  show  practically  identical  maximum  power.  The  larger 
power  with  the  ethyl  alcohol  is  due  to  the  very  much  greater  relative 
magnitude  of  the  latent  heat  to  the  heat  of  combustion  :  about 
3 . 4  per  cent  as  against  0 . 6  per  cent  to  1  per  cent  for  the  hydrocarbon 
fuels.  The  effect  of  the  high  latent  heat  is  still  more  noticeable  when 
running  with  methylated  spirit,  in  which  the  latent  heat  is  about 
4 . 2  per  cent  of  the  heat  of  combustion  ;  with  this  a  maximum  indi- 
cated mean  effective  pressure  of  144.5  was  obtained. 

The  cumulative  evidence  of  a  great  number  of  tests  on  different 
types  of  spirit  with  this  engine  goes  to  show  that  there  is  no  con- 
sistent difference  in  the  maximum  power  obtainable  with  any  hydro- 
carbon fuel,  provided  the  conditions,  e.g.,  of  heat  supplied  to  the 
induction  pipe  for  evaporation  of  the  fuel,  are  the  same  in  each  case. 
We  consider  that  all  reports  to  the  effect  of  greatly  increased  power 
caused  by  a  change  in  fuel  are  due  either  to  one  fuel  being  on  the 
point  of  "  detonation,"  so  that  ignition  has  to  be  unduly  retarded, 
or,  in  the  case  of  multi-cylinder  engines,  to  bad  distribution  in  one 
case,  but  these  are  matters  which  we  do  not  propose  to  consider  in 
detail  here. 

III. 

The  specitic  heats  and  dissociation  of  carbon  dioxide  and  water 
vapour  are  of  the  first  importance  in  investigating  the  thermal 
efficiency  of  engines  with  different  compression-ratios,  working  with 
different  fuels  and  with  different  mixture  strengths  of  the  same 
fuel.  It  is  well  known  that  the  power  of  an  engine  becomes  a  maxi- 
mum when  the  mixture  strength  is  slightly  higher  than  that  corre- 
sponding to  complete  chemical  combustion  to  COj  and  HoO,  and  that 
if  fuel  in  excess  of  this  be  used  there  is  practically  no  diminution 
in  power  until  the  excess  reaches  some  30  per  cent  to  50  per  cent. 
This  behaviour  has  never  yet  been  satisfactorily  explained,  but  may 
be  accounted  for  entirely  when  dissociation  is  taken  properly  into 
account.  A  method  for  calculating  thermal  efficiency  from  a  know- 
ledge of  the  specific  heats  was  worked  out  very  completely  by  the 
late  Professor  Hopldnson  in  his  paper  on  the  '"  Thermal  Efficiency 
of  Gas  Engines,'"  but  all  work  on  these  lines  in  this  country  has  suffered 
imder  two  great  disadvantages — 

(1)  The  specific  heats  of  the  gases  concerned  were  not  known  at 
all  accurately  above  1500°  C. 

(2)  The  dissociation  of  CO2  and  H2O  in  the  cylinder  was  unknown, 
and  no  attempt  has  been  made  to  separate  the  two  effects  of  the 
specific  heat  and  of  dissociation. 

As  to  the  first  point,  since  the  maximum  temperature  of  the  gases 
after  explosion  is  of  the  order  of  2500^  C,  and  since  the  specific  heats 
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l»otli  of  CO.,  and  of  H.O  increase  rapidly  at  high  temperatures,  it 
is  clear  that  a  knowledge  of  these  up  to  1500^  C.  only  is  quite  inade- 
quate. As  to  the  second  point,  Sir  Dugald  Clerk  pointed  out  some 
years  ago  that  the  experimental  figures  for  "  specific  heats  "  derived 
from  explosion  experiments  were  ''  apparent  specific  heats,"  and 
would  only  be  true  specific  heats  if  no  dissociation  had  occurred  in 
the  experiments  made  to  determine  them. 

The  importance  of  this  is  twofold  :  first,  since  the  dissociation  of 
both  CO2  and  H.,0  is  accompanied  by  an  increase  in  the  number  of 
molecules,  its  extent  at  any  temperature  must  depend  upon  the 
])ressure,  and  hence  the  apparent  specific  heat  must  depend  on  the 
pressure  :  secondly,  since  both  compounds  have  one  dissociation 
})roduct  in  common,  namely,  oxygen,  dissociation  in  a  mixture  of  the 
two  is  not  the  same  as  when  they  are  separate.  Thus  at  2500"  C, 
and  atmospheric  pressure,  CO2  is  dissociated  about  17  per  cent, 
while  water  vapour  is  dissociated  about  4  per  cent,  whereas  in  an 
equi-molecular  mixture  of  the  two  in  equilibrium  at  the  same 
temperature  and  pressure  the  dissociation  of  the  CO^  is  about  16  per 
cent,  while  that  of  water  vapour  is  depressed  to  under  2  per  cent, 
as  follows  from  the  ordinary  law  of  mass  action.  The  "  apparent  " 
specific  heat  of  mixtures  of  CO2  and  water  vapour,  together  with  the 
other  gases  occurring  in  the  cylinder  after  an  explosion,  may  there- 
fore be  very  different  from  the  sum  of  the  "  apparent  "  specific  heats 
of  each  measured  separately.  The  only  possible  way  to  attack  the 
problem  is  to  find  the  true  specific  heats  of  the  gases  in  question,  and 
to  measure  the  dissociation  under  definite  conditions,  from  which 
it  is  possible  to  obtain  sufficient  data  to  calculate  equilibrium  con- 
ditions in  any  mixture. 

Fortunately,  sufficient  data  already  exist  for  this  purpose.  A 
number  of  experiments,  both  on  the  dissociation  of  CO2  and  HoO 
and  on  the  true  specific  heats  of  the  reacting  gases,  have  been  carried 
out  in  Nernst's  laboratory  in  Berlin,  with  the  primary  object  of 
testing  recent  developments  in  pure  thermodynamics.  The  most 
important  researches  for  our  purposes  are  those  of  Pier  and  Bjerrum, 
a  short  critical  account  of  which  was  given  by  one  of  the  authors  in 
The  Automobile  Engineer  for  February,  1920.  It  was  there  pointed 
out  that  for  the  purposes  of  calculating  the  efficiency  of  internal 
combustion  engines  the  specific  heats  of  all  diatomic  gases  may  be 
taken  as  the  same  as  that  of  nitrogen,  since  the  actual  difierences 
are  slight,  and  the  other  diatomic  gases  are  always  present  in  small 
quantities.  It  was  also  pointed  out  that  the  measurements  gave 
tnce  specific  heats,  since  precautions  were  taken,  especially  in  the 
more  recent  experiments,  to  prevent  dissociation  by  having  an 
excess  of  one  of  the  dissociation  products  present  before  the 
explosion. 

The  figures  obtained  are  therefore  true  sjjecific  heats.  They  agree 
up  to  1400°  C.  with  the  earlier  figures  of  Holborn  and  Henning> 
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obtained  by  heating  the  gases  at  constant  pressure.  Above  this 
temperature  the  new  figures  lie  considerably  below  the  old  ones  of 
Langen,  as  is  to  be  expected,  since  the  latter  were  ''  apparent  " 
specific  heats,  and,  moreover,  Langen  probably  made  insufficient 
allowance  for  heat -loss. 

Table  III.,  giving  mean  volumetric  (or  "molecular")  heats,  is 
quoted  from  the  earlier  paper.    The  actually  observed  figures  were 

Table  III. — Mean  Volumetric  Heats  between  100°   C.  and  T°  C.  in 
Gram  Calories  per  Gram  Molecule. 


100°  Cup  to..      .. 

500 

1000 

1500 

2000 

2500 

3000 

Nitrogen 

5.17 

5.28 

5.50 

5.75 

6.00 

6.30 

Water  vapovir 

6.25 

6.94 

7.64 

8.42 

9.71 

11.20 

Carbon  dioxide      . . 

8.25 

9.55 

10.07 

10.50 

10.87 

10.95 

made  for  nitrogen  up  to  2400"  C,  carbon  dioxide  up  to  2700°  C, 
and  water  vapour  up  to  3000°  C.  It  seems  probable  that  the  figures 
for  nitrogen  and  CO2  are  accurate  to  i  4  per  cent  or  less  at  3000°  C. 
Those  for  water  vapour  are  probably  not  quite  so  reliable. 

As  regards  dissociation,  the  same  experimenters  to  whom  we  owe 
the  recent  figures  for  specific  heats  have,  among  others,  fully  investi- 
gated this  for  CO2  and  HjO  at  high  temperatures.  Such  dissociation 
depends  upon  pressure  as  well  as  temperature  ;  in  order  to  give  an 
idea  of  how  the  degree  of  dissociation  varies  with  temperature  and 


Table  IV. 
CO,. 


Temp. 

Pressure     0 . 1 

1.0 

10.0 

100.0    atmospheres 

1500°  C. 

0.104 

0.048 

0.0224 

0.01 

2000°  C. 

4.35     • 

2.05 

0.96 

0.445 

2500°  C. 

33.5 

17.6 

8.63 

4.09 

3000°  C. 

77.1 

54.8 

32.2 

16.9 

H,0. 


pressure,  the  figures  in  Table  IV.  are  quoted  from  Bjerrum's  paper.* 
The  degrees  of  dissociation  are  given  as  percentages. 

*  Zeifschrijt fur  Physikalische  Chemie,  1912. 
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We  have  then,  in  the  foregoing  figures  for  true  specific  heat  and 
for  dissociation  in  terms  of  pressures  and  temperature,  all  the  data 
necessary  for  the  calculation  of  pressures  and  temperatures  through- 
out the  cycle  of  an  engine  in  which  the  mixture  strength  and  the 
chemical  composition  of  the  fuel  are  known. 

IV. 

In  the  subsequent  calculations  it  is  assumed  that  the  only  mole- 
cular species  present  after  the  explosion,  and  during  the  expansion, 
are  CO2,  HgO,  CO,  H,,  O2,  and  N,.  The  calculations  show  that  the 
maximum  temperature  of  explosion  is  of  the  order  of  2500^  C, 
and  the  temperature  at  the  end  of  the  expansion  stroke  about  2000'  C. 
At  these  high  temperatures  all  experiments  go  to  show  that  the  rate 
of  chemical  reaction  is  extremely  high,  and  it  is  indeed  assumed 
throughout  this  paper  that  the  reaction  velocity  is  such  that  chemical 
equilibrium  is  always  maintained  throughout  the  working  stroke. 
A  small  departure  from  this  in  practice  would  not  affect  very  much 
the  calculated  efficiencies,  but  any  marked  departure  would  lower 
the  efficiency.  Observed  efficiencies  are  near  enough  to  the  calcu- 
lated, when  loss  of  heat  is  taken  into  account,  to  show  that  the 
assumption  is  substantially  correct. 

If  equihbrium  is  constantly  maintained  during  the  working  stroke, 
the  pressure  and  temperature  when  the  explosion  takes  place,  and 
at  any  point  during  the  expansion,  can  be  calculated  from  the 
chemical  equation  representing  the  combustion,  which  may  be 
written  generally  : 

2C„H^+  (2n+  ^)  0, 

~3.76(2n-f  ■|^)n, 

=  (2  n  -  x)  CO2  -i-  X  CO 
+  {m  -  y)  H2O  -  2/  H, 

+  3.76  (  2n  +  -^)  N, 

and  from  the  equations  of  dissociation  of  COo  and  H..0,  namely, 

(Pco)^-  X  Poo    _    ,    (Ph^)-^  X  Po.  _ 
(Pcoof         "  ^        (PH,of  ' 

where  Pco,  etc.,  represents  the  partial  pressure  of  CO  in  the  mixture, 
and  K,,  Kg  are  dependent  on  temperature  only,  and  can  be  derived 
from  the  figures  given  in  Table  IV. 
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From  the  second  law  of  thermodynamics,  the  change  of  the 
dissociation  constant  with  the  temperature  can  be  given  in  the  form 

d  loge  K  Q 


d  T  K  T- 

where  Q  is  the  heat  of  dissociation  per  gram  molecule,  and  the  inte- 
gration of  this  equation  for  not  too  wide  temperature  intervals  is 
of  the  approximate  form 

loge  K  =  -p  >p   -\-  constant. 

All  details  of  the  approximate  solutions  of  the  equations  are  given 
in  subsequent  paragraphs,  but  it  will  be  useful  at  this  point  to  discuss 
some  of  the  principal  results. 

The  present  work  falls  into  three  main  groups  : — 

(a)  An  investigation  into  the  degree  of  dissociation  to  be  expected 
and  its  efiect  on  the  maximum  temperatures  reached  in  a  petrol 
engine,  and  hence  on  the  power  output,  by  considering  the  specific 
case  of  an  engine  of  5  :  1  compression-ratio  using  pure  benzene  as 
fuel.  Conmiercial  benzole  is  rather  more  than  70  per  cent  benzene, 
so  that  the  case  is  not  far  removed  from  practice. 

(6)  A  comparison  of  maximum  temperatures  and  power  output  at 
the  same  compression-ratio  of  5  :  1  for  three  difEerent  fuels — 
benzene,  CoHn ;  heptane,  CtHib  ;  and  alcohol,  CgHgO — dissociation 
being  allowed  for.  This  will  show  what  theoretical  grounds  there  are, 
if  any,  for  expecting  a  difierence  of  power  with  difEerent  types  of 
fuel.  Heptane  forms  a  considerable  fraction  of  paraffin  petrols  ; 
its  boiling  point  is  98 . 4°  C,  and  it  is  taken  as  typical  for  the  purposes 
of  calculation. 

(c)  An  examination  of  the  effect  on  power  and  thermal  efficiency 
of  raising  the  compression-ratio  when  dissociation  is  allowed  for. 

The  dissociation,  explosion  temperatures,  etc.,  have  been  examined 
for  a  wide  range  of  mixture  strength,  so  that  the  variation  of  thermal 
efficiency  with  air  fuel  ratio  can  be  estimated.  These  figures  can  be 
directly  compared  with  experimental  results  and  a  check  thus 
obtained  on  the  accuracy  of  the  calculated  conditions  inside  the 
cylinder.  Maximum  explosion  temperatures  have  never  been 
directly  measured,  but  the  calculated  figures  (2500-2700°  C.  for  the 
richer  mixtures,  according  to  the  fuel)  are  reasonable  so  far  as  experi- 
ments have  gone  when  allowance  is  made  for  a  certain  heat-loss. 
The  results  of  the  work  under  headings  (a),  (&),  and  (c)  above  may 
be  summarised  conveniently  as  follows  :  — 

(1)  The  Effect  of  Mixture  Strength. — Pure  benzene.  The  calculated 
results  for  explosion  temperature  and  power  output  when  dissocia- 
tion is  allowed  for  agree  well  \vith  experimental  results  and  show  just 
that  constancy  of  power  over  a  wide  range  of  mixture  strength  which 
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is  found  in  practice.  If  dissociation  is  not  allowed  for,  the  calculated 
])ower  is  a  maximum  at  the  correct  mixture  for  just  complete  com- 
bustion, and  falls  oif  steadily  for  botli  weaker  and  richer  mixtures. 
The  effect  of  dissociation  is  found  to  be  to  shift  the  maximum  power 
point  forward  to  a  slightly  stronger  mixture,  and  to  keep  tlie  power 
constant  to  within  about  1  per  cent  for  mixtures  ranging  from  the 
"  correct ''  to  about  30  per  cent  richer  than  this. 

(2)  Effect  of  Fuel. — It  is  shown  that,  provided  the  initial  tempera- 
ture of  the  charge  is  the  same  {i.e.,  the  volumetric  efficiency  is  con- 
stant), the  power  and  thermal  efficiency  obtainable  are  the  same  to 
within  1  per  cent  for  all  types  of  hydrocarbon  fuels,  and  also  for  ethyl 
alcohol.  The  results  of  experiments  confirming  the  constancy  of 
power  have  already  been  given,  while  the  curve  in  Fig.  1  shows  the 


•  Pure  Benzene 
A  Pure  Cyclohexane 
+  Petrol  no  aromatics 


o  Pure  Alcohol 

X  Petrol  40%  aromatics 

▼  Methylated  spirit 


_.r_-«(|= 

2 1 U 


5  6 

Compression  ratio 


Fig.   1. 

Tlie  above  observations  on  thermal  efficiency,  while  strictly  coni 
parable  among  themselves,  are  all  slightly  below  the  best  obtained 
on  the  engine  (and  shown  in  Fig.  3),  owing  to  all  this  series  of  observa- 
tions having  been  made  wdth  only  one  of  the  two  inlet  valves  in 

operation, 

constancy  of  thermal  efficiency  observed  from  experiments  at  different 
compression-ratios  with  paraffin,  aromatic  and  naphthene  fuels,  and 
alcohol.  The  experimental  results  thus  confirm  the  theory  com- 
pletely. 

(3)  Exflosion  Temperatures  and  Thermal  Efficiencies.— Fot  a 
compression-ratio  of  5  :  1,  the  calculated  figures  are  as  in  Table  V. 

The  efiect  of  dissociation  on  the  thermal  efficiency  for  the  ''correct  " 
mixture  is  to  lower  it  by  about  6  per  cent  below  what  would  be 
obtained  if  there  were  no  dissociation,  and  the  products  of  combustion 
are  given  their  true  specific-heat  values.  For  weak  mixtures  the 
dissociation  is  very  much  less,   owing  to  the  lower  temperatures 
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reached  ;  at  a  20  per  cent  weak  mixture  the  explosion  temperature 
is  reduced  by  about  200  degrees  C.  by  dissociation,  but  the  dissociation 
at  the  end  of  the  expansion  stroke  is  negligible,  and  the  efficiency/  is  not 
distinguishable  from  the  ■"  no  dissociation  "  value. 

The  calculated  aiaximum  thermal  efficiency  for  the  correct  mix- 
ture is  33.8  per  cent.    This  corresponds,  at  least  very  closely,  to  the 

Table  V. 


Mixture.  Explosion 

temperature. 


Thermal 
efficiency. 


Correct — 

If  no  dissociation 

Dissociation  allowed  for 
20  per  cent  weak — 

If  no  dissociation 

Dissociation  allowed  for 
50  per  cent  weak — • 

If  no  dissociation 

Dissociation  allowed  for 


=  c. 

Per  cent 

3023 

0 .  359 

2653 

0.338 

2671 

0.379 

2470 

0.379 

2000 

0.412 

1994 

0.412 

weakest  mixture  giving  maximum  power,  but  it  is  difficult  to  obtain 
accurate  experimental  figures  with  which  to  compare  it,  since  the 
mixture  strength  can  be  varied  so  greatly,  without  altering  the  maxi- 
mum power,  by  much  more  than  corresponds  to  the  errors  of  observa- 
tion. On  the  other  hand,  the  absolute  maximum  thermal  efficiency 
in  practice  can  be  measured  very  accurately,  since  it  occurs  when 
"weak"'  mixtures  are  employed,  and  a  considerable  variation  in 
mixture  strength  makes,  in  these  circumstances,  very  little  difference 
to  the  thermal  efficiency. 

In  some  tests  by  the  late  Professor  W.  Watson,  using  benzole  as 
fuel,  the  maximum  efficiency  was  obtained  when  running  with  an 
air /fuel  ratio  of  18.5  :  1  by  weight ;  this  corresponds  to  a  quantity 
of  fuel  about  0.8  of  that  at  the  "  correct  "  mixture.  Our  own  experi- 
ments lead  us  to  the  same  conclusion,  and  therefore,  in  order  to  get 
a  true  comparison  between  theory  and  experiment,  and  a  correct 
estimate  of  the  margin  of  heat-loss  to  the  cylinder,  the  theoretical 
efficiency  with  which  the  best  experimental  figures  should  be  com- 
pared is  that  of  an  engine  working  on  a  20  per  cent  weak  mixture. 

We  find  this  to  be  very  nearly  38  per  cent  at  a  compression-ratio 
of  5  :  1 ,  whereas  the  most  reliable  experimental  figure  for  a  maximum 
indicated  thermal  efficiency  at  this  compression-ratio  which  the 
authors  have  been  able  to  obtain  is  just  under  about  32  per  cent  at 
1500  revs,  per  minute.  The  margin  left  for  heat -loss  to  the  cylinder 
during  explosion  and  expansion  is  about  13  per  cent  of  the  total 
heat  (see  Appendix  V..  p.  47).  Since  a  large  part  of  the  heat-loss  to 
the  cooling  water  will  take  place  during  the  exhaust  stroke,  and  round 
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the  exhaust-valve  seating  wlien  the  gases  are  leaving  the  cylinder, 
this  figure  of  13  per  cent  on  expansion,  when  compared  with  a 
measured  total  jacket  loss  of  about  25  per  cent,  is  of  the  right  order. 
Until  jBore  exact  data  are  available  as  to  mixture  strength  at  the 
point  of  maximum  economy,  it  can  only  be  said  *hat  the  calculated 
thermal  elUciencies  are  reasonable,  and  afford  a  satisfactory  check 
to  the  correctness  of  the  assumptions  on  which  the  theory  has  been 
worked  out. 

If  our  results  are  admitted  to  be  substantially  correct,  the  con- 
clusion to  be  drawn  is  that  the  indicated  thermal  efficiencies  of  the 
best  engines  are  not  likely  to  be  improved  upon  substantially  by  any 
development  of  design  other  than  that  of  the  employment  of 
weaker  mixtures  than  can  now  be  used,  or  by  an  increase  in 
the  expansion-ratio.  Our  results  show  that  great  improvement  is 
to  be  expected  if  either  of  these  methods  is  used.  The  effect 
of  increasing  the  expansion-ratio  is  dealt  with  below  ;   Fig.  2  shows 


Air  cycle  efficiency 

-^ 

^ 

-^ 

•v^^^^ 

•1 


1-0 


•2        -3        -4        -5       -6        -7       -8 
Ports  of  Benzene  to  13*2  ports  of  oir  by  weight 
Fig.  2. 
Maximum  thermal  efficiencies  at  5  :    1  expansion-ratio. 
Benzene  and  air  mixtures  of  different  strengtlis, 

the  possibility  of  increasing  thermal  efficiency  by  the  use  of  weak 
mixtures.  The  thermal  efficiency  of  a  50  per  cent  weak  mixture  at  a 
5  :  1  expansion-ratio  is  calculated  to  be  41.2  per  cent,  while  for 
the  limiting  case  of  zero  fuel  the  calculated  efficiency  would  coincide 
with  the  "  air  standard  "*  efficiency.  Such  an  efficiency  as  that  with 
50  per  cent  weak  mixture  could  not  be  approached  except  by  means 
ol  the  injection  of  liquid  fuel  into  the  cyhnder,  as  is  done  in  Diesel 
engines,  or  by  the  use  of  some  such  device  as  Eicardo's  "  stratified 
•charge."  The  reason  for  tliis  is  that  a  homogeneous  mixture  of  fuel 
vapour  and  air  cannot  be  exploded  if  the  concentration  of  the  fuel 
vapour  is  appreciably  less  than  80  per  cent  of  that  required  for  com- 
plete combustion  of  the  air.  If  weaker  mixtures  are  to  be  exploded, 
the  mixture  must  be  heterogeneous  at  the  moment  of  explosion,  or 
the  initial  temperature  must  be  increased  considerably. 

*  Note. — The  term  "  air  standard  "  is  used  throughout  in  the  text  in 
preference  to  the  term  "  air  cycle." 
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(4)  E^ect  of  Increasing  Expansion-ratio  {see  Fig.  3). — We  show- 
that  the  relative  increase  in  thermal  efficiency  to  be  expected  from 
an  increase  in  the  expansion-ratio  is  distinctly  higher  than  the 
"  air  standard"  efficiencies  would  suggest.  As  already  stated,  the 
theoretical  efficiency  for  the  correct  mixture  at  5  :  1  compression 
is  33.8  per  cent  or  about  71  per  cent  of  the  air  standard  efficiency. 


^5  6  7  8  9         10 

Compression  rotlo 

•  Fig.  3. 
Effect  of  increasing  expansion-ratio. 

The  theoretical  efficiency  for  a  10  :  1  compression  is  45  per  cent, 
or  nearly  75  per  cent  of  the  air  standard  efficiency.    Our  results  for 
any  compression-ratio  between  4  :  1   and   10  :  1   can  be  closely 
expressed  by  the  following  equations  : — 
For  "  correct  "  mixtures  : 


Maximum  theoretical  efficiency  =^  1 


ar 


14 


THE    INSTITL'TION    OF    ArTOMOIIILE    ENGINEERS 


for  20  per  cent  weak  mixtures  : 

/  1  \"-*-"' 
Theoretical  efficiency  =  1  —  \^      ) 

These  equations  are  empirical  in  the  sense  that  it  must  not  be 
assumed  that,  e.g.,  the  average  value  for  y  for  the  products  of  com- 
bustion of  a  20  per  cent  weak  mixture  is  1.296,  but  the  form  in 
which  they  are  expressed,  corresponding  as  it  does  to  the  air  standard 
formula,  makes  their  use  convenient,  and  the  results  to  which  tliey 
lead  represent  with  sufficient  accuracy  the  figures  obtained  from  the 
theoretical  calculations.  As  already  stated,  the  20  per  cent  weak 
mixture  corresponds  very  closely  to  the  conditions  under  which  the 
maximum  observed  efficiencies  are  now  obtained,  and  we  therefore 
propose  the  equation 

(■J^    \  0.29i; 
) 

to  replace  the  present  air  standard  formula. 

The  calculated  relative  increase  in  efficiency  on  raising  the  com- 
pression-ratio was  unexpected,  and  experiments  were  immediately 
carried  out  to  see  if  the  result  would  be  confirmed.     Fortunately 

Table  VI. 


Compression - 

Max.  thermal  effic'y. 

Ratio. 
Observed 

Air  standard 
efficiency. 

Ratio. 
Observed 

ratio. 

Calculated 

from 
equation. 

Observed. 

Calculated. 

Air  standard. 

4  to  1 

5  to  1 
7  to  1 

0.337      j     0.277 
0.380      j     0.316 
0.440           0.372 

0.82 
0.83 
0.85 

0.425 
0.475 
0.540 

0.65 

0.665 

0.685 

we  were  able  to  make  use  of  an  experimental  engine  designed  by  Mr. 
Eicardo  for  this  purpose,  in  which  compression-ratio  could  be  varied 
while  running  without  affecting  any  other  conditions. 

It  is  clear  from  Table  VI.  that  the  calculated  rise  of  relative 
thermal  efficiency  is  fully  confirmed.  It  is  thought  that  this 
important  result  has  not  previously  been  suspected  ;  in  fact,  some 
writers  have  expressed  a  belief  that  thermal  efficiencies  would  not 
be  improved  by  raising  the  compression  so  much  as  indicated  by 
the  air  standard  formula. 

V. 

As  already  stated,  it  has  been  assumed  throughout  the  calculations 
that  no  gases  other  than  COa,  HoO,  CO,  H.,,  Oo,  and  N,  are  present  in 
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the  cylinder  during  the  working  stroke.  It  is,  however,  possible  that 
other  gases  do  exist.  For  example,  methane  is  known  to  result  from 
the  interaction  of  carbon  monoxide  and  hydrogen  at  moderately 
low  temperatures,  and  has  often  been  shown  to  exist  in  exhaust 
gases  :  further,  there  is  the  possibility  of  the  formation  of  oxides  of 
nitrogen. 

The  presence  of  any  such  compounds  in  the  equilibrium  mixture 
in  the  cylinder  after  explosion  would  tend,  if  an}'thing,  to  lower  the 
thermal  efficiency,  and  not  to  raise  it,  since  the  ''  apparent  "  specific 
heat  of  the  mixture  would  be  increased  ;  but,  at  the  same  time,  it  is 
theoretically  possible  for  perceptible  amounts  to  be  present  just 
after  explosion  without  materially  afiecting  the  efficiency,  provided 
that  the  amounts  present  at  the  end  of  the  expansion  stroke  were 
negligible. 

The  theoretical  results  for  the  efficiency  of  an  engine  running  on  a 
20  per  cent  weak  mixture  at  a  5  :  1  compression  may  be  quoted 
to  illustrate  this  point.  The  calculated  dissociation  of  COo  at  the 
maximum  temperature  of  explosion  in  this  case  is  about  20  per  cent, 
but  at  the  lower  temperature  at  the  end  of  the  expansion  stroke  the 
dissociation  is  negligible.  The  work  done  by  the  expansion  in  such 
a  case  is  practically  the  same  as  if  no  dissociation  at  all  occurred  ; 
in  fact,  the  only  eSect  of  dissociation  is  to  lower  the  maximum  tem- 
peratures and  pressures  ^\ithout  materially  altering  the  efficiency. 
It  is  therefore  of  considerable  interest  to  examine  the  possibility  of 
the  formation  of  other  compounds. 

The  formation  of  nitric  oxide  is  endothermic. 

2  NO  ^  N,  +  O2  4-  43,200  calories, 

and  the  proportion  present  at  equilibrium  will  therefore  tend  to 
increase  with  the  temperature.  The  reaction  constant  is  given  by 
the  equation 

(Pno)2 


Pn2  X  Po, 


K. 


The  formation  of  nitric  oxide  from  air  has  been  the  subject  of  much 
experiment,  the  most  reliable  data  for  the  equilibrium  mixture  at 
the  temperatures  we  are  considering  being  probably  those  of  Nernst* 
who  gives  the  following  results,  x  being  the  proportion  by  volume  of 
NO  formed  : — 

T  (abs.)  observed.  x  per  cent  observed. 

18II    0.37 

2033    0.64 

2580    2.05 

*  Zeitschr.J.   anorgan.  Chem.  49,  213,  1906. 


10  THE    INSTiTL'TION    OF   AUTOMOBILE    ENGINEERS 

From  these  figures  it  can  be  shown  that  log  K  is  very  closely  given, 
for  this  range  of  temperature  by  the  equations 

,      „  9450     ,    ^    .„ 

logK  =  -    ^jr    +1-12 

The  proportion  of  nitrogen  to  oxygen  at  the  maximum  tempera- 
tures of  explosion  of  benzene  and  air  are  given  in  Table  VII.  (page 
22),  from  which  it  may  be  calculated  from  the  above  equation  that 
the  amount  of  nitric  oxide  in  the  cylinder  is  only  about  2  per  cent  ot 
the  nitrogen  present  at  the  explosion  temperature.  This  calculation 
is  for  the  correct  mixture  ;  for  a  rich  mixture,  since  the  oxygen 
pressure  is  greatly  diminished,  that  of  NO  will  also  diminish, 
whereas  it  will  increase  for  a  weak  mixture. 

At  the  end  of  the  expansion  stroke,  if  equilibrium  is  maintained, 
only  a  negligible  amount  of  nitric  oxide  can  be  present. 

The  formation  of  methane  from  carbon  monoxide  and  hydrogen 
according  to  the  equation 

CO  +  3  H^  =  CH,  +  H2O 

has  apparently  only  been  studied  at  low  temperatures,  but  a  suffi- 
ciently good  idea  of  the  amount  likely  to  be  formed  at  high  tempera- 
ture can  be  obtained  by  Nernst's  approximate  formula.  This  takes 
the  form 

.      „       .       Pco  X  P'H2  19000    ,   ^  ^  ,      rr   ,   0  0 

log  K  =  log  p,^;-^  p^^^  =  -      T-    +  3.5  log  T  -,  2.2 

whence  K  =  about  10"  at  3000°  absolute  and  10'*  at  2000=  absolute, 
from  which  it  is  clear  that  no  methane  could  possibly  be  detected 
during  the  expansion  stroke.  On  the  other  hand,  when  T  =  1000, 
K  is  of  the  order  of  50,  and  hence  methane  appears  in  the  exhaust, 
and  is,  in  fact,  probably  only  formed  after  the  gases  have  left  the 
cylinder. 

Finally,  there  is  the  question  of  formaldehyde,  which  may  be 
formed  from  CO  and  Hj. 

CO  +  H,  =  H  .  CHO. 

To  obtain  an  approximate  idea  of  the  possibility  of  this  reaction 
taking  place  it  is  necessary  to  know  the  heat  of  formation,  or  alter- 
natively the  heat  of  combustion  of  formaldehyde.  Practical  diffi- 
culties are  too  great  for  this  to  be  determined  ^\dth  any  accuracy. 
The  lower  heat  of  combustion  of  acetaldehyde,  CH.;CHO,  is  262  kg. 
calories  per  gr.  molecule  (Thomsen),  and  that  of  propionaldehyde 
is  '112,  an  increase  of  150  kg.  calories  for  an  increase  of  molecular 
weight  of  14  (see  Section  I.).  The  lower  heat  of  combustion  of 
H  .  CHO  must  therefore  be  approximately  110  kg.  calories.  That  of 
CO  is  68  and  of  Hg  is  59  kg.  calories,  and  hence  the  molecular  heat  of 
formaldehyde  from  CO  and  hydrogen  must  be  of  the  order  of  (68 
4-  59  -  110)  kg.  calories  =  17,000  calories. 


EMPIRE    MOTOR   FUELS    COMMITTEE    REPORT  17 

Too  much  reliance  cannot  be  placed  on  this  figure,  but  it  may  be 
accepted  that  the  formation  takes  place  with  evolution  of  heat,  and 
that  therefore  a  high  temperature  will  tend  to  prevent — not  to 
promote — the  formation  of  aldehydes.  This  is  contrary  to  the 
statements  of  some  investigators. 

The  value  of  the  equilibrium  constant 

Pco  X  Phz  _  -^ 
Ph  .  CHO. 
may  again  be  estimated  at  different  temperatures  from  Nernst's 
approximation  formula 

Q 


^''S^^-OTf  +l-"5logT  +  C 


or  in  this  case 

logK==-^  +  1.75logT+2.1 

If  T  =  3000°  K  =  10'  approximately 
If  T  =-  2000°  K  =  10"  approximately 
If  T  =  1000°     K  =  10^  approximately 

so  that  at  no  period  during  the  cycle  should  any  appreciable  amount 
of  formaldehyde,  and  similarly  of  other  aldehydes,  be  present  in 
equilibrium  with  the  other  gaseous  constituents. 

It  seems,  therefore,  that  no  other  compounds,  other  than  nitric 
oxide,  if  the  mixture  is  weak,  are  likely  to  be  present  in  the  cylinder 
during  the  working  stroke  in  appreciable  proportions,  and  that  in  any 
case  their  presence  cannot  affect  appreciably  the  theoretical  thermal 
efficiency  of  the  engine. 

General  thermodynamical  considerations  of  this  kind  lead  to  con- 
clusions of  some  interest  with  regard  to  the  composition  of  exhaust 
gases.  Exhaust  gases  leave  the  cylinder  at  a  fairly  high  temperature, 
probably  well  above  1000°  C,  and  are  then  quickly  cooled  to  a 
temperature  at  which  rate  of  chemical  reaction  is  very  slow.  We 
should  therefore  expect  the  composition  of  the  exhaust  gases  to 
correspond  approximately  to  equilibrium  conditions  at,  say,  1500° 
absolute.  The  proportions  of  carbon  monoxide  should  therefore  be 
calculable  with  some  degree  of  accuracy  from  a  knowledge  of  the 
equilibrium  constant  of  the  water  gas  reaction 

CO  +  H„0  =  CO2  +  Hj 
at  this  temperature. 

The  equilibrium  constant 

„  _  Pco    X    PH2O 
~~    PcOa  X  PH2 

has  been  measured  by  Hahn*  and  has  a  value  of  about  3  at  1500° 
absolute. 

*  Zeitschr.  J.  Physick.  Chem.,  44,  613,  and  48,  735. 
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Hence  the  ratio  of  hydrogen  to  carbon  monoxide  in  the  exhaust 
must  be  about  one-third  of  the  ratio  of  water  vapour  to  carbon 
dioxide,  or  one-sixth  of  the  ratio  of  hydrogen  atoms  to  carbon  atoms 
in  the  fuel. 

If  the  fuel  is  a  petrol  consisting  mainly  of  paraffin  hydrocarbons, 
the  atomic  ratio  H'C  will  be  approximately  2.3  (heptane),  and  there- 
fore the  ratio  H^/CO  in  the  exhaust  will  be  approximately  0.4. 

This  corresponds  almost  exactly  to  an  empirical  rule  known  as 
Ballantyne's  rule,  which  states  that  the  ratio  Hg/CO  in  the  exhaust 
gases  -—  0.36*,  but  it  is  clear  that  this  explanation  shows  that 
Ballantyne's  "rule"  must  be  applied  with  caution,  since,  if  the 
fuel  were,  for  example,  benzene,  wdth  a  ratio  H/C  =  1,  the  ratio 
Hj/CO  in  the  exhaust  would  be  more  nearly  =  0.17. 

A  similar  calculation  can  be  made  on  the  percentage  of  methane 
in  the  exhaust,  but  the  case  is  somewhat  more  complicated,  and  the 
estimation  loses  accuracy  from  the  lack  of  accurate  experiments 
on  the  reaction. 


Part  II. 
I. 

Before  dealing  in  detail  wnth  the  question  of  dissociation  it  will  be 
as  well  to  make  clear  certain  preliminary  conditions,  and  to  give 
figures,  useful  later  for  comparison,  calculated  on  the  assumption 
that  no  dissociation  takes  place. 

Before  compression  begins,  the  mixture  of  fuel  and  air  is  assumed 
to  be  at  100°  C.  and  atmospheric  pressure.  The  work  done  on  the 
mixture  during  compression  will  depend  on  its  mean  specific  heat, 
and  it  will  simplify  calculations  if  we  take  this  as  being  the  same  as 
the  mean  specific  heat  of  the  mixture  after  combustion  for  the  same 
temperature  range.  The  difference  is  small  and  the  effect  on  the 
compression  work  quite  negligible.  The  point  is  dealt  with  in  detail 
in  Appendix  L,  from  which  it  will  also  be  clear  that  it  is  not  necessary 
to  know  accurately  the  specific  heat  of  the  fuel  vapour. 

The  work  done  in  compressing  the  mixture  has  been  taken  to  be  :t 
for  compression — 

5:1..    1 .59  kilo.  cal.  per  gram-mol.t 
10  :  1    .    .   2.59  kilo.  cai.  per  gram-mol.J 

The  small  differences  of  specific  heat  for  different  mixture  strengths 
are  negligible  in  this  connection,  and  the  above  values  have  been 
adopted  throughout. 

*  See  Dugald  Clerk,  p.  627,  1913  edition, 
•f"  For  calculation,  see  Appendix  I.,  p.  43. 
j  One  kilo.  cal.  per  gram-molecule  =  3960  ft.  -lb.  per  standard  cubic  foot. 
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The  heats  of  combustion  of  the  fuels  used  are  accurately  known 
from  calorimetric  measurements.     They  are  : — 

Benzene,  751  kilo,  calories  per  gram-molecule  (lower  value). 
Heptane,  1061  kilo,  calories  per  gram-molecule  (lower  value). 
Alcohol,  308  kilo,  calories  per  gram-molecule  (lower  value). 
Hydrogen,  58.7  kilo,  calories  per  gram-molecule  (lower  value). 
Carbon  momoxide,  68.0  kilo,  calories  per  gram- molecule. 

There  is  some  slight  uncertainty  as  to  heptane  and  alcohol,  but 
even  here  probably  less  than  1  per  cent. 

All  these  heats  of  combustion  are,  of  course,  measured  under 
calorimetric  conditions,  i.e.,  starting  at  room  temperature  of  about 
20^  C.  The  error  involved  is  unavoidable,  but  is  probably  not  large, 
since 

lu    -  ^1  -  ^2 

where  H  is  the  heat  of  combustion  and  C^  and  C,  are  the  thermal 
capacities  of  the  mixture  before  and  after  combustion,  and  the 
difference  between  these,  as  appears  from  Appendix  I.,  is  small. 


n. 

Calculations  avhen  No  Dissociation  is  Assumed. 

In  these  circumstances  the  combustion  of  a  normal  or  "  correct  " 
mixture  of  benzene  and  air  will  take  place  according  to  the  equation — 

2  CeHs  +  15  (Oo)  +  (56.4  N,)  =  12  CO^  -f  6  H^O  +  (56.4  N.) 

Number  of  molecules  before  combustion  =^  73 . 4. 
Number  of  molecules  after  combustion  =  74.4. 
Heat  of  combustion  of  1  gram-molecule  of  mixture 

=  ^  ^g  ^        =20.46  kg.  cal.  =  Q  (say). 

If  ^  =:  energy  added  on  compression,  and  Et  =  the  ""  energy  con- 
tent "  of  the  products  of  combustion  at  any  absolute  temperature  T 
(the  energy  at  100°  C.  being  arbitrarily  taken  as  zero),  then  after 
combustion 

Et  =  Q  -f  ?  =  20.46  +  1.59  =  22.05  kg.  cal.  per  gram-mol. 
of  original  mixture. 

The  mean  volumetric  heat  of  the  products  of  combustion  may  be 
calculated  from  a  knowledge  of  the  mean  volumetric  heats  of  Nj, 
CO2,  and  H2O.  If  one  gram-molecule  of  mixture  is  taken  as  the 
standard  volume,  the  energy  content  of  the  products  of  combustion 
atT^isC  X  (T  -  373),  where  C  is  the  mean  volumetric  heat  between 
373"  absolute  and  T. 

c  2 
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Calculation  for  the  above  mixture  gives  the  figures,  in  kg.  calories 
per  molecule  of  original  mixture  :  — 

t°  C.  E. 

100  0 

500  2 .  33 

1000  5.56 

1500  9.09 

2000  12.96 

2500  ..      ..      17.22 

3000  2 1 .  85 

"  E  "  can  be  very  nearly  expressed  by  an  equation  of  the  form 

E  =  a  (T  -  373)  +  6  (T  -  373)- 

for  the  range  of  temperature  with  which  we  are  concerned.  It  is 
not  necessary  to  try  and  express  the  whole  range  by  an  equation  of 
this  form,  since  the  range  of  temperature,  which  is  of  importance  for 
our  purpose,  is  that  between  about  2000°  C.  and  3000°  C. 


Calculation  of  Maximum  Temperature. 

The  maximum  temperature  T(.  on  explosion  (assuming  no  dissocia- 
tion) can  now  be  calculated  from  the  "  energy  curve  "  of  the  products 
of  combustion  of  one  mol.  of  mixture,  since  the  total  energy  put  into 
the  gas  to  raise  its  temperature  from  373  absolute  to  Te  =  1.59 
+  20.46  =  22.05  kg.  calories. 

The  energy  curve  from  2000°  to  3000°  C.  can  be  very  closely  repre- 
sented by  the  equation — • 


Ea 


0.549 


(T  -  373) 
100 


0.00703 


(T  -  373) 


100 


t°C.  T(abs.) 

2000  2273 

2600 2773 

3000  3273 


E^  calc.  from 

equation. 
.      12.97      .. 
17.23      .. 
.      21.83      .. 


Ej  from  specific 

heat  results. 
..      12.96 
..      17.22 
..      21.85 


Hence  Te  is  given  by — 

22.05  =0.549 

T« 


(T,  -^373) 

loo 

=  3296  abs. 


0.00703 
=  3023°  C 


(Te  -  373)' 


100 


Calculation  of  the  Work  Done  on  Expansion. 

Calculation  of  the  work  done  on  expansion  requires  strictly  a  know- 
ledge of  the  variation  of  true  (not  mean)  specific  heat  with  the  tem- 
perature.   This  can  be  obtained  from  the  equations  given  above,  for 

^^'       4.965  + 0.001406  T 


Cx 


dT 
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over  the  range  of  temperature  under  consideration. 

The  final  temperature  T/is  then  calculated  from  the  equation 

/>  d  V  =fc  d  T 

or  R  In  5  =  4.965  In  ^'  +  0.0UU06  (T.  -  T/), 

T/ 

where  R  is  the  gas  constant,  which,  however,  refers  not  to  one  mol. 

74.4 
of  product,  but  to  .^^—7  mols.,  and  therefore 

74.4 
=  1.985x^3-^-2.012. 

Calculation  of  T/  by  such  a  method  is,  however,  laborious,  and  it 
leads  to  little  loss  of  accuracy*  if  a  mean  constant  value  of  C  over  the 
range  T/  to  Te  is  assumed,  when  the  equation  reduces  to 

^  =57-1 (1) 

4/ 
where  "  y  "  is  the  mean  value,  corresponding  to  the  mean  value  of 
*'  C,"  which  is  also  given  by  the  relation 

C=-T-^/ C^' 

The  calculation  is  made  by  '"  guessing  "  a  value  for  y,  calculating 
T/from  equation  (1),  substituting  in  equation  (2),  and  hence  obtain- 
ing a  value  for  the  mean  specific  heat  which  should  agree  with  the 
value  for  y  originally  taken. 

For  example,  let  y  =  1 .224. 

This  gives 

^  ^50.224  =1.434 
4/ 

or  T/  =  ^^^^  =  2298  =  2025^  C. 

1.434 

Et^  =0.549  X  19.25  -r  0.00703  (19. 25)^ 

=  10.57  +  2.605  =  13.175 

22.05  -  13.17    8.87 


""f  3296  -  2298     998 

_8.89  +  2.01 
'''  ~  8.89 


=  3.89 
=  1.226. 


If  y  =  1.225 


T  ^996 

^  =  5°-^^^  =  1 .437  T/  =  ^^   =  2294  =  2021"  C. 

*  For  calculation  of  the  error  involved,  see  Appendix  II.,  p.  44. 
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Et^:- 0.549  X  19.21  +0.00703(19.21)2 
=  10.545  +  2.594  =  13.14 
22.05  -  13.14         8.91 


'  ^        3296-  2294 


1002 


=  8.89 
y  =  1 .226  as  before. 


If  y  =  1.226 


^  =  5°-^'^«  =  1 .439  T/  =   p^^%^  =  2290  =  2017°  C. 
1/  1 . 439 

Et^  =  0.549  X  19.17  +0.00703(19.17)2 
=  10.525  +  2.583  =  13.108 

Cx-x,  ^,22^05   -  13.11    ^  8^4  _  8  89 
'f         3296  —  2290  1006 


y  =  1 .  226  as  before. 


.  •  .   Final  temperature  =  2017°  C. 


Work  done  on  expansion  =  8.94  kg.  cals.  per  mol.  mixture.    The 
net  work  done  during  the  cycle  is 

8.94  -  compression  work  =  8.94  —  1.59  =  7.35  kg.  cals. 

Table  VII. 


Mix- 
ture 

Composition  of  product.s  of 
combustion. 

Vol.V, 
before 
com- 
bus- 
tion. 

Vol.  Vj 
after 
com- 
bus- 
tion. 

Ratio 

v. 
v7 

Heat  of 
comb. 

per  mol. 

original 
mixt. 
-f  1.59. 

Max. 

temp. 

of 
explo- 
sion. 
°C. 

N, 

COj 

CO       HjiO 

H.,      0, 

50% 
we'k 

56.4 

6.0 

—        3.0 

. — 

7.5 

72.4 

72.9 

1.005 

11.96 

2000 

20% 
we'k 

56.4 

9.6          _ 

4.8 

— 

3.0 

73.0 

73.8 

1.011 

18.05 

2671 

Cor- 
rect 

— 

12.0 

—        6.0 

— 

— 

73.4 

74.4 

1.013 

22.05 

3023 

10% 
rich 

56.4 

10.30 

2.90      6.50 

.10 

— - 

73.6 

76.2 

1.035 

21.28 

2927 

20% 
rich 

56.4 

8.71 

5.69      6.89 

.31 

— 

73.8 

78.0 

1.056 

20.52 

2835 

50% 
rich 

56.4 

4.67 

13.33      7.33 

1.67 

— 

74.4 

83.4 

1.120 

18.37 

25C9 
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7  35 

The  efficiency  is  ^'  ,^    =35.9  per  cent. 

20 .  45 


The  "  air-standard  "  efficiency  1  —  (       j 


1  \7-i 


=  47.5  per  cent  (■/  =  1.4)  ;     35.9  per  cent  corresponds  to  a  mean 
value  for  y  of  1.275. 

Table  VII.  shows  the  maximum  temperatures  reached,  and  the 
composition  of  the  products  of  combustion,  for  a  series  of  mixtures 
of  benzene  and  air  both  weaker  and  richer  than  the  "'  correct  " 
mixture.  No  dissociation  is  assumed,  but  when  the  mixture  is  rich 
the  equilibrium  proportions  of  CO2,  CO,  HjO,  and  Hj  have  been 
calculated  by  the  method  given  in  what  follows. 

III. 

Calculation  of   Maximum  Temperatures   Allowing   for  Dis- 
sociation. 

Owing  to  dissociation,  the  maximum  temperatures  calculated  in 
Table  VII.  are  not  reached,  and  the  efficiency  of  the  process  has  been 
over-estimated. 

Sufficient  data  on  the  degree  of  dissociation  of  CO2  and  HjO  at 
different  temperatures  now  exist  to  enable  the  effect  of  the  maximum 
temperature  on  explosion,  and  on  the  efficiency,  to  be  estimated. 
Figures  for  the  dissociation  of  CO2  and  HjO  when  separate  at  various 
temperatures  and  pressures  were  given  in  Table  IV.,  p.  7.  The 
heats  of  combustion  of  CO  and  Ho  to  CO2  and  HjO  were  also  given 
as  68.0  and  58.7  kg.  calories  per  gm.-mol.  respectively. 

The  calculation  of  maximum  temperatures  when  dissociation  is 
taken  into  account  is  a  matter  of  trial  and  error.  The  heat  liberated 
depends  on  the  amount  of  dissociation,  which  itself  depends  on  the 
final  temperature  reached. 

The  first  question  of  importance  is  the  amount  of  dissociation  if 
we  start  with  the  "  correct  "  mixture.  If  no  dissociation  occurred, 
the  combustion  of  this  would  take  place  according  to  the  equation  : 

2  CeHe  +  15  0,  -f  (56.4  N,)  =  12  CO,  +  6  H2O  +  (56.4  N,). 

If  dissociation  of  the  CO2  and  HgO  occurs  we  may  write  the  equation 

2  CeHe  +  15  0,  +  (56.4  N,)  =  A.  CO,  -f  B.  CO  -f  C.  H2O 

+  D.  H2+  E.  0, -f  (56.4  N2) 

In  order  to  find  the  quantities  A,  B,  C,  D,  and  E  we  need  five  inde- 
pendent relations  connecting  them.    We  can  write  down  at  once  : 

A-f  B  =  12 

2  A  +  B  +  C  +  2  E  =  30 
2C  4-2D  =12 


24  THE    INSTITUTION   OF   AUTOMOBILE    ENGINEERS 

For  the  necessary  further  equations  we  must  go  to  equilibrium, 
conditions  based  on  experimental  data  on  dissociation.  The  figures 
given  in  Table  IV.  represent  the  dissociation  of  each  gas  separately 
when  there  is  no  excess  of  the  products  of  dissociation.  Any  excess 
of  such  products  will  diminish  the  amount  of  dissociation  by  an 
amount  which  can  be  calculated  from  the  fundamental  equations  : 

(Pco)^X  Po,    _    ..     (Ph,)^  X^Po,    _    ^ 

(Pco;)^       "^^  "(Ph.o)^  ^  ~  "^^ 

where  K^  and  Kg  depend  on  the  temperature  only,  and  Pco,,  etc., 
represent  the   partial  pressures   of   CO2,   etc.,   in  the   equilibrium 
mixture. 
Moreover,  the  reaction 

CO2  +  H2  =  CO  +  H2O 

has  been  studied  at  different  temperatures,  and  it  has  been  shown 
that  an  equilibrium  exists  which  can  be  represented  with  sufl&cient 
accuracy  for  our  purposes  by  the  equation 

log.  K  =  a  -  ^  , 

where  T  is  the  absolute  temperature  and 

_    CO  X  H2O 
~"    CO2  X  H2  • 

The  dependence  of  K^  and  K,  upon  the  temperature  can  be  ex- 
pressed in  a  form  similar  to  K.  It  is  unnecessary,  however,  to  use  the 
expression  for  K2,  since  a  knowledge  of  K^  and  the  equilibrium 

CO  X  H2O 
CO2  X  H2 
gives  all  that  is  required.    [K  is  connected  to  K^  and  Kj  by  the  equa- 
tion K  =  V  Kj/Kj.] 

Since  partial  pressures  are  proportional  to  the  number  of  molecules 
of  each  gas  present  in  the  mixture,  we  see  that,  in  addition  to  the 
three  equations  already  given  connecting  the  coefficients  A,  B,  C, 
D   and  E,  the  two  expressions 

B.C         ,   B^^ 
A.D   "^^  A^^^ 

are  quantities  which  depend,  the  first  on  the  temperature  only,  and 
the  second  on  the  temperature  and  pressure. 

As  regards  the  dependence  of  K^  and  K  upon  the  temperature, 
suppose 

log  Ki  =  ai  -    ^ 
and  log  K  =  a  -        _ 
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Then  we  have,,  according  to  the  results  of  Nernst  and  others  : 

For  Ki  at  2000° 4.49x10-'= 

„  2500' 4.01  X  10-' 

„  3000° 3.94  X  10-1 

The  variation  between  these  limits  is  closely  given  by  taking  the 
following  values  of  the  constants  a^  and  p^  : 

2000°— 2500° 9.41     ..      ..     29500 

2500°— 3000-^ 9.57     ..      ..     29920 

For  a  and  /3,  according  to  the  results  of  Nernst,  the  following 
figures  may  be  taken  : — 

/3. 

2000°— 2500° 1.70       ..      ..     1750 

2500°— 3000° 1.916     ..      ..     2290 

Corresponding  values  for  K  are  given  in  Table  VIII. 

Table  VIII. 

Temp.  abs.  °C.  K.       Temp.  aba.  'C.  K. 

2000   6.7  2600   10.7 

2100   7.3  2700   11.6 

2200   8.0  2800   12.4 

2300   8.7  2900   13.2 

2400   9.3  3000   14.0 

2500   10.0 

The  calculation  of  the  maximum  temperature  is  carried  out  by 
approximation.     The  temperature  is  "  guessed  ;  "    this  fixes  the 

products  —  E  and  ^r— p^  ;  A,  B,  C,  D,  and  E  can  then  be  calculated, 
A  A  D 

since  we  have  five  equations  connecting  them.  From  these  values 
the  heat  liberated  on  combustion  and  the  specific  heats  of  the  pro- 
ducts of  combustion  can  be  calculated,  and  from  a  knowledge  of  these 
two  a  maximum  temperature  on  explosion  is  found.  This  should 
agree  with  the  temperature  guessed  in  the  first  place.  If  it  does  not, 
a  second  value  is  taken  nearer  the  truth.  The  calculation  is  laborious, 
but  quite  straightforward,  and  may  be.st  be  illustrated  by  taking  the 
particular  case  of  the  correct  benzene  mixture. 

For  this,  as  shown  previously,  the  number  of  molecules  before 
combustion  is  73.4,  and  we  have  the  equations  : — 

A  +  B  =  12 (1) 

2  A  +  B  +  C  +  2  E  =  30 (2) 

2  C  -f  2  D  =  12 (3) 
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Now,  if,  after  explosion, 

Te  =  maximum  tem[)erature 

J*e  =  maximum  pressure 

X  =  total  number  of  molecules 

(=-  A  +  B  +  C  +  I^  +  B  +  56.4) 
then 

E  X 

Po,  =  ^    .p.  and  Pf  =  _-   ,-  X    5    X 
'X  73.4 

Now,  if  Te  is  guessed  at  2500°  C.  =  2773  ahs. 


373 


then 
and 

whence 
and 


Ki  =  0.06 
K  =  12.2 


E 


B2  _ 


2773 
373 

0.506 


B 


0.506  E 
=  0.119  . 
12.2      .    .    . 


(4) 
(5) 


From  equations  1-5  we  get  : 

A  =  9.3 
B  =2.7 
0  =  5.86 
D  =0.14 
E  =  1.42. 

The  corresponding  heat  of  combustion  and  calculated  maximum 
temperature  are  shown  in  the  first  line  of  Table  IX.* 

Table  IX. 


Guessed 

Composition  of  products  of 
combustion. 

Heat  of 
combust'n 

per  mol. 
mixture    + 

1 .  59  kilo, 
cal. 

Therm, 
capacity  of 
products 
per  mol. 
mixture. 

Calcu- 
lated 
max. 
tempera- 
ture, 
"C. 

tempera- 
ture. 

COjj. 

CO. 

H,0.      Hj. 

0,. 

2500 
2550 
2600 
2650 

9.30 
8.94 
8.58 
8.22 

2.70 
3.06 
3.42 
3.78 

5.86 
5.84 
5.82 
5.80 

0.14 
0.16 
0.18 
0.20 

1.42 
I. 61 
1.81 
1.99 

19.44 
19.10 
18.75 
18.39 

7.11 
7.14 

7,17 
7.20 

2835 
2775 
2715 
2655 

2700 
2750 

7.86 
7.50 

4.14 
4.50 

5.78 
5.76 

0.22 
0.34 

2.18 
2.37 

18.04 
17.69 

7.22 
7.25 

2599 
2541 

*  For  details  of  these  calculations,  see  Appendix  III.,  p.  44. 
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It  will  be  seen  that  the  temperature  found  (2835°  C.)  is  much  above 
the  guessed  value.  Successive  approximations  are  shown  in  the 
Table,  and  it  will  be  seen  that  when  the  temperature  guessed  is  2650, 
the  calculated  result  is  2655,  so  that  the  latter  may  be  taken  as  the 
correct  maximum  temperature  (assuming  instantaneous  combustion 
and  no  heat-loss),  and  the  true  equation  representing  the  process  of 
combustion  is  : 

2  CJIe  +  15  O2  +  56.4  N2  =  8.22  CO^  +  3.78  CO  +  5.8  H^O 
+  O.2OH2  +  1.99  O2  + 56.4  Nj. 

To  summarise  the  results,  therefore  : — If  a  correct  mixture  of 
benzene  vapour  and  air  at  100°  C,  and  an  initial  pressure  of  one 
atmosphere,  is  compressed  to  one-fifth  of  its  volume  and  exploded, 
the  carbon  will  not  be  completely  burned  to  CO2,  but  31 . 5  per  cent 
of  it  only  will  be  burnt  to  CO.  The  total  heat  added  to  the  mixture 
by  compression  and  combustion  is  18.39  kilo,  calories,  as  against 
22.05  if  there  had  been  no  dissociation,  and  the  maximum  tempera- 
ture reached  will  be  2655°  C.  instead  of  3023°  C. 

The  number  of  molecules  after  combustion  is  76.39,  say,  76.4, 

'.  .  .      .    76.4 

and  the  ratio  of  volume  increase  due  to  combustion  is  __    .  =  1 .041 . 

73.4 

The  maximum  pressure  on  explosion  will  be  : 

2928 
14.7    X   5   X   1.041    X  ^„    =  600.7  lb.   per  sq.   in.,   as  against 

14.7  X  5  X  1.013  X  ^^-„   =  658  if  there  had  been  no  dissociation. 


IV. 

Maximum  Temperatures  of  Eich  Mixtures. 

All  the  foregoing  calculations  have  been  made  for  a  correct  mixture 
of  benzene  and  air,  although  a  Table  was  given  at  the  end  of  Section 
II.,  p.  22,  showing  maximum  temperatures  for  rich  mixtures  on  the 
assumption  of  no  dissociation. 

The  effects  of  dissociation  are  particularly  interesting  when  rich 
mixtures  are  considered,  for  it  will  appear  that  when  dissociation 
is  allowed  for  the  maximum  temperature  is  not  reached  when  the 
mixture  is  "  correct,"  as  is  the  case  in  Table  VII.,  but  when  it  is 
some  20  per  cent  richer  than  this.  Moreover,  over  a  considerable 
range  of  mixture  strength  there  is  only  a  small  variation  in  the 
maximum  temperature,  and,  therefore,  also  of  maximum  pressure. 
Now,  speaking  generally,  this  corresponds  closely  to  what  is  found  in 
practice,  since  the  power  of  a  petrol  engine  varies  only  slightly  over 
a  wide  range  of  mixture  strength. 
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If  the  mixture  before  compression  is  rich  in  benzene,  there  will  be 
more  CO  present  after  explosion,  and  this  will  depress  the  dissocia- 

Table  X. — ^Compression-Ratio  5:1. 


Deg.|      Composition  of  products  of 


of 
rich- 

neaa 


combustion. 


X,.    CO,.    CO.    H,0    H,.  *    O,. 


0.5  ,56.45.95    0.05 


0.2  156.47.70    1.90 


1   Vol. 

Vol. 

before 

after 

Vol. 

-   com- 

com- 

ratio 1 

bus- 

bus- 

k. 

tion. 

tion. 

Mean  i    Heat 

vol.  of       .Max. 

heat       com-    temp. 

per     bustion  1  "  C. 
mol.    i-t-  1.59. 
mixt.  i 


3.000.007.52      72.4  i   72.9     1.007     6.30  ,   11.93      1994 


4.700.10,4.00 


13. 0 


r4.8      1.025     6.86   1    16.23      2470 


0 

56.48 

22    3.78 

5 

80|0.20;i 

99 

73.4 

76 

4 

040 

7 

20 

18.39 

2655 

0 

1 

56.47 

93,  5.27 

6 

31  0.29  1 

28 

73.6 

11 

5 

052 

7 

31 

18.93 

2690 

0 

2 

|56.4- 

46    6.94 

6 

740.460 

70 

73.8 

78 

7 

065 

7 

40 

19.24 

2701 

0 

3 

'56.46 

69    8.91 

7 

10,0.700 

305 

74.0 

80 

1 

081 

7 

45 

19.22 

2681 

0 

4 

|56.4o 

69  11.11  7 

31  1.090 

10 

74.2 

81 

7 

100 

7 

46 

18.87 

2630 

0 

5 

;56.4,4 

1          1 

60  13.40  7 

3611.640 

02 

74.4 

83 

4 

I' 

120 

45 

18.32 

2561 

tion  of  COo  and  lower  the  partial  pressure  of  oxygen.     In  fact,  it  is 
obvious  that  with  a  very  rich  mixture  practically  all  the  carbon  will 
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Fig.  4. 
Explosion  temperatures.     Benzene. 


be  burnt  to  CO,  and  the  amount  of  oxygen  will  be  negligible.  The 
calculation  of  the  proportions  of  the  various  gases  present  is  carried 
out  in  exactly  the  same  way  as  was  given  for  the  correct  mixture. 

If  a  is  the  degree  of  richness,  we  have  as  the  combustible  mixture 
2(l  +  a)CsH6  +  15  0, +  56.4N2. 
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The  equations  for  solution  are  : 

A  +  B  =  12  (1  +  a) 

2  A  +  B  +  C  +  2  E  =  30 

C  +  D  =  6  (1  +  a). 

r^  X  Po,  and     .   '  -^  are,  as  before,  quantities  which  are  fixed  when 

the  temperature  is  known. 

The  results  for  mixtures  of  benzene  and  air  are  given  in  Table  X. 
and  are  shown  plotted  in  Fig.  4  by  the  side  of  the  calculated  tempera- 
tures for  the  same  mixtures,  previously  given  in  Table  VII.,  assuming 
that  no  dissociation  takes  place. 


Maximum  Temperatures  with  Heptane  and  Alcohol 
AS  Fuel. 

Before  dealing  with  the  pressures  and  temperatures  on  the  expan- 
sion stroke,  and  hence  the  work  done,  it  will  be  as  well  to  give  at 
this  point  the  result  of  calculations  upon  heptane  and  alcohol  similar 
to  those  just  given  for  benzene.    These  results  are  shown  in  Tables 


Taei.e  XI. — Heptane. 


Composition  of  products 
combustion. 

of 

Vol. 
before 
com- 
bus- 
tion. 

Vol. 
after 
com- 
bus- 
tion. 

Vol. 

ratio 
k. 

Mean 
vol. 

heat 
per 

mol. 

mixt. 

Heat  of 

comb. 

per  gm. 

mol. 
+  1.59. 

Max. 

temp. 

'C. 

N, 

CO2 

CO 

HjO 

H, 

0, 
2.10 

0    82.8 

IO.27I  3.73 

1 

15.53 

0.47 

106.8 

115.9 

1.085 

7.56 

18.83 

2591 

0.182.8 

9.74    5.66 

16.86 

0.74 

1.00 

107.0 

116.8 

1.091 

7.69 

19.40 

2623 

0.282.8 

8.64I  8.16 

17.92 

1.28 

0.32 

107.2 

119.1 

I. Ill 

7.78 

19.47 

2603 

0.382.8 

7.1411.06 

18.52 

2.28 

0.07 

107.4 

121.9 

1.135 

7.84 

19.03 

2527 

0.482.8 

5.7113.89  18.66 

3.74 

0.013 

107.6 

124.8 

1.159 

7.83 

18.38 

2448 

0.582.8 

4.6516.35  18.35 

5.65 

0.00 

107  .8 

127.8 

1.185 

7.82 

17.72 

2366 

XI.  and  XII.  In  Section  VI.  a  general  discussion  will  be  given 
of  the  comparative  results  on  the  three  fuels  as  exhibited  in  Tables 
VII.,  X.,  XL,  and  XII. 

The  general  equations  for  the  combustion  of  mixtures  of  heptane 


30 


THE    INSTITUTION    OF   AUTOMOBILE    ENGINEERS 


and  alcohol  of  different  strengths  will,  with  the  same  notation  as 
before,  be  as  follows  : — 

Heptane  : 

2  (1  +  a)  CV  H,6  +  22  0,  +  [82 .8  No]  =  A  .  CO,  +  B  .  CO  +  C  . 
HjO  -f  D  .  H2  +  E  .  O2  +  [82.8  No]. 

Alcohol : 

2  (1  +  a)  C^Hs  0  +  6  O2  +  [22.6  N^]  =  A  .  CO^  +  B  .  CO  +  C  . 
HjO  +  D  .  Ha  +  E  .  O2  +  [22 .6  N^]. 

The  method  of  calculation  is  exactly  the  same  as  was  explained 
for  benzene,  and  need  not  be  further  particularised. 
The  results  are  as  shown  in  Tables  XL  and  XII. 


Table  XII. — AlcohoI. 


Deg. 
of 

rich- 
ness 
a 

Composition  of  products  of 
combustion. 

Vol. 
before 
com- 
bus- 
tion. 

Vol. 
after 
com- 
bus- 
tion. 

Vol. 

ratio 

k. 

Mean 
vol. 
heat 
per 
mol. 
mixt. 

Heat  of 
com- 
bus- 
tion 

+  1.59. 

Max. 

temp. 

°C. 

N;    CO, 

CO 

HjO 

H, 

0. 

0 

22.63.03 

0.97 

5.85 

0.15 

0.56 

30.6 

33.16 

1.084 

7.71 

18.56 

2507 

0.1 

22.6'2.93 

1.47 

6.34 

0.26 

0.265 

30.8 

33.8 

1.100 

7.85 

19.05 

2524 

.0.2 

22.62.67 

2.13 

6.76 

0.44 

0.085 

31.0 

34.7 

1.120 

7.92 

19.05 

2505 

0.3 

22.6J2.3i 

2.89 

7.04 

0.76 

0.02 

31.2 

35.6 

1.142 

7.98 

18.58 

2429 

0.4 

22.6'1.98'3.62 

7.21 

1.19J0.03 

31.4 

36.6 

1.165 

8.00 

17.98 

2348 

0.5 

22.61.72J4.28 

7.24 

1.72  0.00 

31.6 

37.6 

1.190 

7.95 

17.32 

2278 

VI. 
Comparison  of  Results  with  the  Different  Fuels. 

The  calculated  maximum  explosion  temperatures,  allowing  for 
dissociation,  given  in  Tables  X.,  XL,  and  XII.  for  different  mixture 
strengths  are  collected  together  for  purposes  of  comparison  in  Table 
XIII. 

The  figures  given  in  Table  XIII.  are  shown  graphically  in  Fig.  5, 
in  which  explosion  temperature  is  plotted  against  mixture  strength. 

It  will  be  seen  that  with  each  fuel,  when  dissociation  is  taken  into 
account,  the  maximum  temperature  is  not  reached  when  the  mixture 
is  "  correct  "  (a  =  0),  as  would  be  the  case  if  there  were  no  disso- 
ciation (see  Fig.  4).    The  highest  temperature  occurs  with  mixtures 
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10-20  per  cent  richer  than  this.  Moreover,  the  calculated  explosion 
temperature  varies  but  little  over  a  wide  range  of  mixture  strength, 
especially  in  the  case  of  benzene. 

The  explosion  temperature  may  be  expected  to  give  a  rough  indi- 
cation of  relative  power  output  with  the  different  fuels.  A  more 
interesting  basis  of  comparison  is,  however,  obtained  by  multiplying 
temperatures   by  the  volume  or  molecular  number  ratio  {k  in  the 

Table  XIII. — Explosion  Temperatures. 


Defrree  of  richness.    |a  — 0.5 

-0.20 

0 

0.1        0.2 

0.3 

0.4 

0.5 

Benzene        . .       .  .    °C. 
Heptane       .  .       .  .     °C. 
Alcohol         ..      ..     °C. 

1994 



2470 

2655 
2591 
2507 

2690  1   2701 
2623      2603 
2524      2505 

2681 
2527 
2429 

2630 
2448 
2348 

2561 
2366 

2278 

Tables)  before  and  after  explosion,  since  explosion  pressures  will  be 
proportional  to  this  ratio  as  well  as  to  the  explosion  temperature. 
The  value  of  k  is  considerably  higher  for  heptane  and  alcohol  than 
for  benzene  ;  on  the  other  hand,  the  thermal  capacity  of  the  products 
of  combustion  of  one  gram-molecule  of  original  mixture  is  higher 
also.    As  regards  power  output,  the  two  effects  to  some  extent  cancel 
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Fig.  5. 
Explosion  temperatures. 

one  another,  the  one  lowering  the  explosion  temperature,  the  other 
raising  the  pressures  in  relation  to  temperatures  reached. 

Table  XIV.  shows  the  product  values  of  k  X  (rise  of  temperature 
on  explosion)  for  conditions  similar  to  those  of  Table  XIII.  The  riae 
of  temperature  has  been  chosen  instead  of  the  actual  explosion  tem- 
perature, since  this  has  been  found  to  give  values  closely  proportional 
to  the  net  work  done  per  cycle,  i.e.,  to  (expansion  work)  —  (com- 
pression work). 

The  figures  of  Table  XIV.  are  plotted  in  Fig.  6  with  mixture 
strength  as  abscissa. 

It  will  be  seen  that,  as  between  benzene  and  heptane  (curves  I. 
and  II.),  the  lower  explosion  temperatures  with  the  paraffin  are 
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practically  conterbalanced  by  the  larger  volume  ratio ;  if  the 
ordinates  of  Fig.  6  can  be  taken  as  a  basis  of  comparison  between 
the  fuels,  the  maximum  power  output  would  not  be  expected  to 
differ  to  any  great  extent.     The    ordinates  k  {t    —  372)  of  Fig.  6 

vary  even  less  over  a  wide  range  of  mixture  strength  than  do  the 


Table  XIV 


Degree  of  richness. 

a-0.5 

-0.20 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

Benzene   

Heptane   

Alcohol    

1633 

2150 

2375 
2408 
2315 

2440 
2459 
2370 

2480 
2480 
2390 

2497 
2448 
2350 

2485 
2406 
2303 

2451 
2363 
2270 

explosion  temperatures  of  Fig.  5  ;  the  curves  all  show  comparatively 
flat  maxima,  but  of  the  three  the  power  on  benzene  is  noticeably 
better  maintained  with  the  very  rich  mixtures. 

Now,  these  results  all  fall  well  into  line  with  the  most  reliable 
engine  test  results  : — 

(i.)  All  tests  agree  in  showing  that  the  power  of  a  petrol  engine 
varies  only  slowly  with  the  mixture  strength.     The  power  curve 
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Fig.  6. 
Product  of  volume-ratio  and  temperatvire  rise  on  explosion. 

shows  a  very  flat  maximum,  like  the  curves  of  Fig.  6,  not  a  particular 
optimum  mixture  as  in  the  upper  curve  of  Fig.  4. 

(ii.)  Maximum  power  is  not  obtained  usually  with  the  most 
economical  mixture.  The  relation  between  economy  and  output 
depends  to  some  extent  on  engine  and  carburettor,  but  tests  examined 
show  a  rapid  rise  of  power  till  the  mixture  is  some  20  per  cent  richer 
than  at  greatest  economy,  and  then  a  slow  falling  off  as  the  propor- 
tion of  fuel  to  air  is  increased  beyond  this  point.  By  '"  maximum 
economy  "  is  meant  the  point  at  which  fuel  per  indicated  horse- 
power per  hour  is  a  minimum. 
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(iii.)  Reliable  tests  do  not  show  any  appreciable  variation  of  maxi- 
mum power  as  between  aromatic  and  paraffin  fuels. 

The  agreement  of  points  (i.)  and  (ii.)  above  \vith  the  calculated 
results,  based  on  fundamental  measuremeuGS  of  calorific  value, 
dissociation  constants,  etc.,  amounts  to  fairly  conclusive  evidence 
of  the  existence  of  dissociation.  Further  comparisons  will  be  given, 
later  between  calculated  and  observed  thermal  efhciencies,  from 
which  an  estimate  can  be  made  of  the  quantitative  accuracy  of  the 
calculations  of  dissociation,  and  explosion  temperatures.  The 
equality  of  maximum  power  to  be  expected  from  a  paraffin  and  an 
aromatic  fuel  is  a  result  which  appears  at  first  sight  to  be  contro- 
verted by  some  published  test  results,  but  is  confirmed  by  all  the 
most  reliable  tests  in  the  authors"  experience. 

VII. 

Calculation  of  Final  Temperature  and  Work  Done 
During  Expansion. 

On  the  assumption  that  no  dissociation  takes  place,  this  was  given, 
for  the  correct  mixture  of  benzene  and  air,  in  Section  II.  of  Part  II., 
p.  1 9.  It  was  found  that  after  an  explosion  temperature  of  3023°  C. 
adiabatic  expansion  in  the  ratio  5  :  1  gave  a  final  temperature 
2025°  C,  and  that  the  work  done  on  the  expansion  stroke  was 

8.94  kg.  cal.  j^er  gram-mol.  of  original  mixtures.  '' 

This  corresponds  to   net    work   per   cycle  — 8.94—  1.59  =  7.35, 
and  thermal  efficiency 

rTr^-ii.  =35.9  per  cent. 
20.45 

It  is  necessary  now  to  see  how  these  figures  are  aSected  by  the 
existence  of  dissociation.  It  has  been  found  in  Part  II.,  Section  III., 
p.  26,  that  the  explosion  temperature  of  the  dissociated  mixture  is 
2655°  C.  There  are  two  ways  of  considering  the  process  of  expansion. 
It  may  be  assumed  in  the  first  place  that  no  recombination  of  the 
dissociated  mixture  takes  place  during  expansion,  in  which  case,  as 
we  know  the  specific  heats  of  all  the  gases  concerned,  we  can 
calculate  a  new  energy  curve  for  the  products  of  combustion  (line  1, 
Table  IX.),  and  also  the  final  temperature  and  work  done  in 
exactly  the  same  way  as  was  done  for  the  hypothetical  undissociated 
mixture. 

The  result  of  this  calculation  gives  the  final  temperature  T/  =  1709° 
C,  and  work  done  =  7.94  kg.  cal. 

The   net    work   is   therefore   7.94  —  1.59  =  6.35,    and   thermal 

6.35 
efficiencv  =  -r^.,.  =31   per    cent,    i.e.,  about    15   per  cent   lower 
20.45  '■ 

than  the  efficiencv.  if  no  dissociation  cccurred. 
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This  figure  should  give  a  lower  limit.  Tiie  true  etticiency  (assum- 
ing no  heat-loss)  must  lie  somewhere  between  31  per  cent  and 
•35.9  per  cent. 

If  recombination  takes  place  continuously  during  the  expansion 
atroke,  i.e.,  if  equilibrium  is  attained  at  each  moment  as  the  tempera- 
ture falls,  as  seems  highly  probable,  it  is  theoretically  possible  ta 
calculate  the  work  done  from  a  knowledge  of  the  equilibrium  co- 
ditions  for 

p  d  V  =  C  d  t  -i-  qid  X, 

where  C  is  the  true  thermal  capacity  of  the  mixture  and  x  the  degree 
of  dissociation  at  temperature  T  of  the  COj  (neglecting  that  of  the 
HjO,  which  is  small),    q^  is  the  heat  of  dissociation  of  the  CO^. 
X  is  given  by  the  relation 

=   K,    where—-  (log^  K)  —  ^ 


2  (1  -  X)*  '  dt  '    "       '  R  T». 

The  calculation  is,  however,  too  complicated  to  carry  out  rigor- 
ously, but  an  approximate  result,  to  the  degree  of  accuracy  required, 
may  be  obtained  in  the  following  manner. 

The  effect  of  dissociation  and  recombination  in  the  products  of 
combustion  is  to  make  these  behave  as  though  their  specific  heat 
were,  at  high  temperature,  very  much  above  its  true  value.  The 
highest  temperature  reached  is  diminished  and  the  fall  of  tempera- 
ture during  expansion  is  less  rapid.  The  mixture  of  gases  has,  in 
fact,  an  '"  apparent  specific  heat  ""  which  will  not  difier  from  its  true 
specific  heat  at  low  temperatures,  but  above  about  2000^  abs.  will 
increase  very  much  more  rapidly. 

We  have,  then,  to  imagine  an  energy-temperature  curve  for  the 
products  of  combustion  of  the  benzene  mixture  based  on  apparent 
specific  heats  corresponding  to  the  actual  dissociation  conditions 
which  obtain  during  expansion  from  2655°  C.  This  energy  curve 
will  be  identical  with  that  for  the  undissociated  mixture  at  low 
temperatures  (say  up  to  1500°  abs.),  but  above  2000^  abs.  the  energy 
will  rise  very  rapidly  with  the  temperature  until  it  reaches  22.05  kg. 
cal.  at  2655°  C,  instead  of  at  3023°  C,  as  it  would  do  if  based  on  true 
specific  heats  (see  Part  II.,  Section  II.).  It  would  not  be  possible 
actually  to  draw  this  energy  curve  until  the  temperature  at  the  end 
of  expansion  is  known,  since  in  calculating  the  dissociation  conditions 
we  have  to  begin  to  allow  for  diminishing  volume  at  this  temperature. 

Probably  the  best  method  of  getting  at  the  final  temperature, 
and  so  the  work  done  on  expansion,  is  as  follows  : — 

A  final  temperature.  T/.  is  guessed,  and  the  corresponding  value 
of  the  dissociation,  for  which  all  necessary  data  exist,  is  calculated. 
The  energy  content  of  the  mixture  Et,  can  then  be  found,  and  if  T/ 

is  the  true  final  temperature,  we  have 

Work  done  =  Et„  —  Et, 
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Moreover,  the  mean  apparent  specific  lieat  of  the  mixture  during 
expansion  is 


Et,    —   ^tf 


Te-T/ 

Corresponding  to  this  there  is  a  definite  value  of  the  index  n  for  the 
adiabatic  expansion  P  V"  =  constant,  and  the  final  temperature 
calculated  from  the  relation 

T*-  _  5n-l 

must  agree  with  the  value  of  the  final  temperature  originally  guessed. 

Actually,  of  course,  the  specific  heat,  and  therefore  n,  is  varying 
all  down  the  expansion  curve,  and  this  method  involves  the  assump- 
tion that  the  work  done,  or  the  area  under  the  expansion  curve,  will 
not  be  sensibly  different  from  that  obtained  on  the  assumption  of  a 
constant  mean  value  of  v.  This  point  has  been  investigated  in 
Appendix  II.,  p.  44,  for  the  undissociated  mixture.  An  example  is 
given  in  Appendix  IV.,  p.  46,  showing  the  possible  error  in  the 
present  case. 

The  onlv  difference  between  the  calculation  of  the  equilibrium 
condition  at  the  end  of  the  expansion  stroke  and  that  given  for 
explosion  in  Part  II.,  Section  III.,  p.  26,  is  that  in  this  case  the 
volume  is  that  before  compression. 

E  T/ 

The  partial  pressure  of  oxygen  therefore  =  ;:r^—T- X  — ^,    or,     if    £ 

and  y  are  the  numbers  of  molecules  of  CO,  and  HoO  dissociated  so 
that  the  products  of  combustion  are  (12  —  x)  COo  -|-  x  CO  -^  (6  —  >j) 

H,0  —  7  H.,  -! ^i^O.j  ^56.4  X,,  the  partial  pressure  of  oxygen 

Z 

^-   •    7374    •  373  ^  ^^^' 

x"'  x  +  y         1  T/ 

^^''^"^"'^  (n^^Fy^-'^r    •  7374  •  373"=  ^- 


also  we  have 


(6-^) 


(12  -  X)        y 

so  that,  since  K  and  K^  are  known  in  terms  of  the  temperature, 
corresponding  values  of  x,  y,  and  T/  can  be  found  in  the  neighbour- 
hood of  the  final  temperature.  This  will  probably  fall  near  2000''  C, 
and  taking  a  series  of  values  round  about  the  point  we  get  Table  XV. 

Table  XV. 
T^'  abs.  jr.  y.  g,  x  4-  g.,  y 

73.4 

2177      O.GO      0.039 0.59 

2242      0.80      0.0.53      0.78 

2299      1.00      0.067      0.98 

•2247      0.817 0.0.54      0.8? 

f    2 
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In  the  last  c-ohiiuii,  (/j  and  q^  are  the  heats  of  dissociation  of  C'O^ 
and  HoO.  so  that  the  (i^^'ures  tabulated  represent  the  potential  chemical 
energy  of  the  mixture,  due  to  its  dissociated  condition.  Thev  jiive, 
in  fact,  the  amount  by  which  the  energy  curve  of  the;  mixture  corre- 
sponding to  apparoit  specific  heats  lies  above  that  calculated  from 
Itae  specific  heats. 

Columns  2,  3,  and  4  can  be  plotted  against  the  tem])erature  and 
then  by  trial  the  temperature,  T/,  is  found  which  fulfils  the  nece--- 
sary  conditions  set  out  above,  namely,  that 

^J    =  5H-1 

T/  ' 

where  n  is  found  from  the  mean  apparent  specific  heat  of  the  mixture- 
between  Tr  and  T/. 

It  has  been  shown  in  Part  II..  Section  II.,  that  the  energy  curve 
based  on  true  specific  heat  is  very  closelv  represented,  between 
2000°  C.  and  3000°  C.  by  the  equation 

Hence  that  based  on  apparent  specific  heats  will  be 

X  and  II  having  the  appropriate  values  foi  the  temperature  T. 

The  following  calculations  illustrate  the  method  ;  they  are  given 
for  the  correct  final  temperature,  found  by  trial  to  be  2247°  C. 
absolute. 

The  values  of  ./:,  ;/,  and  ?i  '^ ^  ^^  ^  corresponding  to    T  =  2247'" 

/3.4 

C.  are  obtained  froni  plotted  curves  and  are  given  at  the  foot  of 
Table  XV. 

The  energy  in  the  gas  at  the  end  of  expansion  is 
E,,4T=  0.549  X  18.74  +  0.00703  X  (18.74)^  +  0.800-=  13.55. 
.-.     work     done     on     expansion  =  E^mn  —  E2247  =  22.05  —  13.55 
=  8.50  kg.  cal. 

Mean  specific  heat  =--  "-^    =   12.48  cal.  per  degree. 

12.48  +  2.05* 

whence  /'  =    t7>  ~To "^  ^  •  io'l-^ 

12.48 

*  No.  of  mols.  at  begiiuiinp  of  expansion  =  1.04  per  inol.  of  original 
mixture  (col.  9,  Table  X..  p.  28). 

74.83 
No.  of  mols.  at  end  of  expansion  =     ^  =   1.02  per  mol.  of  original 

mixture. 

Mean  value  of  "  R  "  =  1.085  X   1.03  =  2.05  as  taken  above. 
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and 


T/ 


T. 


2928 


2247°  =  1974°  C. 


5"i""         1.303 

The  calculation  made  on  the  assumption  that  no  recombination  of 
the  dissociated  mixture  took  place  during  expansion,  of  which  the 
results  were  given  at  the  beginning  of  this  section,  showed  a  tempera- 
ture fall  during  expansion  from  2655°  C.  to  1709°  C.  and  work  done 
equal  to  7.94  kg.  cal. 

Allowing  for  recombination  has  therefore  increased  the  calculated 
work  done  from  7.94  to  8.50,  and  the  final  temperature  from  1709° 
to  1974°  C.  In  the  mixture  at  the  end  of  expansion  there  is  still  a 
certain  amount  of  CO.,  and  H..0  in  a  dissociated  condition,  namely  : 


0.817 


12 
0^054 
6~ 
The  thermal  efficiency  is 

8.50  -  1.59 


X  100  =  6 . 8  per  cent  of  the  total  CO.. 
X  100  =  0 . 9  per  cent  of  the  total  11,0. 


20.45 


33.8  percent, 


as  against  31  per  cent  if  no  recombination  had  taken  place,  and 
35 . 9  per  cent  if  there  had  been  no  dissociation  at  all. 

The  results  for  the  three  cases  may  be  tabulated  as  in  Table  XVI. 

Compression  ratio  5:1. 


Tabi.k   XVI. 


1    Explosion 
temperature. 

Final 
temperature. 

Net 
work. 

Efficiency. 

Assuming  no  dissociation 

"C. 
3023 

°C. 
2013 

7.  33 

35.9 

Dis.sociation  but  no  reconibiiiii- 
tion  during  expansion 

263.5 

1709 

0.35 

31.0 

Dissociation  and  recombination 

2655 

1974 

6.91 

33.8 

We  have,  then,  a  thermal  efficiency  of  33.8  per  cent  for  the  stan- 
dard engine  of  comparison  working  at  compression-ratio  5:1, 
when  the  actual  conditions  of  the  working  substance  are  allowed 
for.  Such  an  engine,  in  fact,  should  reproduce  actual  engine  con- 
ditions except  as  regards  heat -loss  to  the  cylinder  and  irregularities 
of  combustion.  The  best  absolutely  reliable  figure  for  indicated 
thermal  efficiency  at  5  :  1  compression  which  the  authors  have 
been  able  to  obtain  is  rather  under  32  per  cent,  or  70  per  cent  of  the 
air-standard  efficiency.     This  leaves,  when  compared  with  33.8  per 
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cent;  practically  no  margin  for  the  heat-loss.  But  it  has  already  been 
pointed  out  that  observed  thermal  efficiencies  are  calculated  when  the 
engine  is  ruiming  on  approximately  a  20  per  cent  weak  mi.xture. 

In  Table  X.;  p.  28,  the  explosion  temperature  for  such  a  mixture 
was  given  as  2470°  C,  allowing  for  dissociation.  A  further  calcula- 
tion similar  to  that  just  made  for  the  correct  mixture  gives  a  final 
temperature  after  expansion  of  1707"^  C,  and  net  work  ])er  cycle 
6.24  kg.  cal.  per  gram-mol.  For  a  20  per  cent  weak  mixture  the 
whole  heat  of  combustion  is  16.46  kg.  cal.  per  gram-mol.,  and  the 
efticiencv  of  the  .standard  engine  with  this  weak  mixture  is  therefore 


6.24 
16.46 


0.379. 


The  margin  left  for  heat-loss  to  the  cylinder  during  explosion  and 
expansion  is  at  least  14  per  cent,  on  the  assumption  that  the  experi- 
mental efficiency,  0.32,  was  obtained  on  a  20  per  cent  weak  mixture 
(see  Appendix  V.,  p.  47).  Since  a  large  part  of  the  heat-loss  to  the 
cooling  water  will  take  place  during  the  exhaust  stroke  and  round  the 
exhaust- valve  seating  when  the  gases  have  left  the  cylinder,  this  figure 
of  14  per  cent  during  expansion,  when  compared  with  an  average 
total  jacket  loss  of  25  per  cent,  is  of  the  right  order.  Although  more 
exact  data  as  to  mixture  strength  at  the  point  of  maximum  economy 
would  be  desirable,  it  can  be  said  that  the  calculated  thermal 
efficiencies  are  reasonable  and  afford  a  satisfactory  check  on  the 
estimated  conditions  in  the  cylinder. 

It  is  possible,  with  a  suitably  designed  combustion  head,  to  burn, 
as  a  stratified  charge,  a  mixture  which  would  be  too  weak  as  a  homo- 
geneous mixture.  Such  a  process  has  great  advantages  as  a  method 
of  running  at  less  than  full  load  owing  to  the  gain  of  thermal  efficiency 
by  low-temperature  working.  Conditions  were  therefore  calculated 
for  a  50  per  cent  weak  mixture,  and  are  shown  in  Table  XVII. 

Table    XVII. — Explosion   Temperatures,   Thermal   Efficiencies,    etc.,  at   5  :   1 
Compression,  allowing  for  Dissociation  and  Recombination. 


Mixture 

Explosion 

Final 

Net  indi- 

Thermal 

strengtli. 

temp.,  °  C. 

temp.,  °  C. 

cated  work. 

efliciency. 

Correct 

2655 

1974 

6.91 

0.338 

20  per  cent  weak  .  . 

2470 

1707 

6.24 

o.3:p 

50  per  cent  weak 

1994 

1153 

4.27 

0.41  2 

As  will  appear  from  Table  X.,  about  20  per  cent  of  the  CO2  is  dis- 
sociated at  the  beginning  of  expansion  in  the  20  per  cent  weak  mix- 
ture. By  the  end  of  expansion,  however,  the  dissociation  has  fallen 
to  0.4  per  cent  of  the  CO2,  and  the  heat  thrown  away  in  the  exhaust 
gases  is,  in  consequence,  practically  the  same  as  if  no  dissociation 
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bad  taken  place.  On  the  other  hand,  if  a  50  per  cent  weak  mixture 
could  be  exploded,  dissociation  would  be  negligible  even  at  the  maxi- 
mum temperature  reached. 


VIII. 
The  Effect  of  an  Increase  in  Compression-ratio. 

The  opinion  has  been  expressed  by  some  engineers  that  the  '"  air- 
standard  '"  efficiency  is  a  misleading  guide  as  regards  the  effect  on 
thermal  efficiency  of  an  increase  in  compression-ratio  ;  that  although 
at  normal  ratios  practical  thermal  efficiencies  are  a  constant  fraction 
of  air-standard  values  (for  the  same  sized  engines),  yet  at  high  com- 
pression-ratios there  will  not  be  an  increase  proportionate  to  that  of 
the  air-standard  and  that  a  definite  useful  limit  will  soon  be  reached. 

As  regards  hrake  thermal  efficiencies,  there  will,  no  doubt,  be  a 
practical  limit  to  the  useful  compression-ratio  owing  to  the  necessary 
increase  in  the  weight  of  moving  parts  and  consequent  increase  in 
mechanical  losses.  It  will  be  interesting,  however,  to  calculate  the 
effect  on  maximum  temperature  and  calculated  thermal  efficiency 
of  an  increase  in  compression-ratio,  and  to  see  whether  there  is  any 
reason  to  expect,  as  has  been  suggested,  that  the  indicated  thermal 
efficiency  will  reach  a  limit  on  ])urely  thermodynamic  grounds. 

The  following  calculations  have  been  made  for  the  same  mi.xture 
of  benzene  and  air  as  that  of  line  3,  Table  X..  p.  28,  but  it  has  been 
supposed  compressed  in  the  ratio  of  10  :  1  before  explosion  instead 
of  5  :  1. 

Under  these  conditions  the  energy  added  by  adiabatic  compression 
is  2.59  kg.  cal.  per  mol.  of  mixture,  and  the  temperature  at  the  end 
of  compression  is  514°  C. 

The  composition  of  the  products  of  combustion  and  the  explosion 
temperature  are  given  in  Table  XVIII.  side  by  side  with  the  corre- 
sponding figures  for  the  same  mixture  compressed  in  the  ratio  5  :    1. 

Table  XVIII. — Compression-ratio  10  :  1. 


Dcg. 

of 
rich- 
n'ss 


Composition  of  prodvicts 
of  combustion. 


X,    CO, 


CO 


H,0    H, 


5.0    56.48.22  3.785.80  .20 
10.0    56.4:8.17)3.835.77.226 


Vol. 
before 


bus- 

tion. 


Vol. 

Mean 

after     Vol. 

vol. 

Total 

com-    ratio 

heat 

energy 

bus-        k. 

per 

added. 

tion. 

mol. 
mixt. 

76.4    1.040 

7.20 

18.39 

76.4  .1.040 

7.27 

19.31 

Explo- 
sion 

temp. 
"C. 


2655 
2756 


In  spite  of  the  increased   pressure  the  dissociation  is  slightly 
increased,  with  the  result  that  the  rise  of  temperature  on  explosion 
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is  less  than  with  5  :  1  compression.  It  rtMnains  now  to  examine 
how  the  work  done  and  thermal  efficiency  are  affected. 

The  dissociation  conditions  are  worked  out  for  a  few  temperatures 
in  the  neighbourhood  of  the  probable  final  temperature,  and  the  true 
temperature  found,  as  before,  by  trial.  Since  the  explosion  tempera- 
ture is  not  very  much  higher,  the  final  tem})erature  will,  for  this  large 
expansion-ratio,  be  considerably  lower  than  for  the  5  :  1  expansion. 
It  is  found  to  be  2023°  C.  abs.,  or  1750°  C.  as  against  1971'  C.  for  the 
5  :   1  expansion. 

At  the  end  of  the  10  :  1  expansion  2.4  per  cent  of  the  CO.  still 
remains  dissociated,  and  about  0.35  per  cent  of  the  HoO.  The  total 
*■  energy  "  in  the  gases  at  the  end  of  expansion  is  11 .27  kg.  cal.  per 
mol.  of  original  mixture. 

The  work  done  is  therefore 

2.59  +  20.45-  11  27  =  11.77 
and  the  thermal  efficiency 

11.77  -2.59 


20.45 


=  44.9  per  cent. 


The  effect  of  increasing  the  compression-ratio  is  brought  out  clearly 
in  Table  XIX.,  in  which  the  thermal  efficiencies,  after  allowing  for 
dissociation,  etc.,  are  compared  with  the  "'  air-standard  "  efficiencies. 


Table  XIX. 

Air-standard  Estimated  thermal      Kelative  efliciency 

r  eificiency,  etticiency  if  no  to  air-standard, 

per  cent.  heat-loss.  per  cent. 

5 47.5      3.3.8      71.2 

10      60.2      44.9      74.  ti 


This  comoarison  brings  out  the  very  interesting  fact  that  the  indi- 
cated thermal  efficiency  may  be  expected  to  approat  i  more  nearly 
to  the  air-standard  efficiency  the  higher  the  compression-ratio  ;  or, 
in  other  words,  that  on  thermodynamic  and  chemical  grounds  the 
advantage  to  be  gained  by  using  a  high  compression-ratio  is  actually 
greater  than  the  air-standard  efficiencies  would  suggest.  Mechanical 
difficulties  may  limit  the  xitility  of  increasing  compression-ratios, 
but  apart,  from  this,  the  above  result  seems  to  dispose  of  the  view  that 
there  is  any  limit  to  the  thermodynamic  advantage  of  high  com- 
pression-ratios. All  calculations  have,  of  course,  been  made  on  the 
assumption  of  no  heat-loss,  but  it  is  not  likely  that  this  will  be 
seriously  increased  when  it  is  considered  that  no  more  than  about 
100°  C  is  added  to  the  explosion  temperature  by  such  a  large  increase 
of  compression  as  from  5  :  1  to  10  :  1. 
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IX. 

Conclusions. 

It  has  been  shown  that  it  is  possible,  starting  from  the  available 
data  as  to  true  specific  heats  and  high  temperature  equilibrium  con- 
ditions, to  calculate  the  temperature  at  each  point  of  the  cycle  of  an 
internal  combustion  engine  when  the  composition  of  the  fuel  and  the 
mixture  strength  are  known,  and  no  loss  of  heat  occurs. 

It  has  also  been  shown  that,  in  spite  of  the  higher  calorific  value 
of  parafiin  petrols,  the  maximum  powers  to  be  expected  from  a 
paraffin  and  an  aromatic  fuel  are  not  appreciably  different  when  com- 
pared at  a  compression-ratio  which  allows  full  ignition  advance 
without  detonation  on  both  fuels.  On  the  other  hand,  it  is  well 
known  that  higher  compression-ratios  can  more  safely  be  used  with 
aromatic  than  with  paraffin  fuels,  and  it  has  been  shown  in  the  last 
Section  that  on  thermodynamic  grounds  it  is  advantageous  to  push 
the  compression-ratio  up  as  high  as  possible.  With  a  suitably 
designed  engine,  therefore,  the  aromatic  fuel  will  hold  a  decided 
advantage.  The  curves  of  Fig.  6.  p.  32,  show  that  as  regards 
maximum  power  output  alcohol  should  be  definitely  inferior  to  the 
other  two  fuels,  but  this  result  postulates  the  same  initial  temperature 
of  charge.  In  practice,  the  initial  temperature  will  be  considerably 
lower  with  alcohol  than  with  other  fuels  under  similar  working 
conditions,  since  the  latent  heat  is  much  higher. 

The  form  of  the  curves  in  Fig.  6  brings  out  clearly  the  effect  of 
dissociation  in  depressing  the  maximum  power  available  at  the  correct 
mixture  and  giving  fairly  constant  power  over  a  wide  range  of  mix- 
ture strength.  But  the  ordinates  of  these  curves  are  proportional 
to  the  power  calcvilated  on  the  assumption  that  no  recombination 
takes  place  during  expansion  ;  they  considerably  over-estimate  the 
efiect  of  dissociation.  In  the  light  of  Part  III.,  Section  VII.,  p.  33, 
it  is  possible  to  make  a  more  accurate  estimate  of  this  at  all 
mixture  strengths. 

The  curves  for  benzene  are  reproduced  in  Fig.  7.  It  will  be  seen 
that  at  the  correct  mixture  the  depression  of  the  maximum  power 
is  about  H  ])er  cent  as  between  curves  I.  and  III.;  the  actual  figures 
for  the  net  work  done  per  cycle  are  7.35  and  6.35  kg.  cal.  per  mol. 
of  mixture  (Table  XVI.,  p.  37). 

It  was  shown  in  Part  III.,  Section  VII.,  that  when  recombination 
is  allowed  for  the  net  work  is  6.91.  represented  by  the  point  B  on 
Fig.  7,  just  6  per  cent  below  the  maximum  point  A,  for  no  dis- 
.sociation. 

At  all  mixture  strengths,  curve  I.  will  define  the  upper  and  curve 
III.  the  lower  limit  of  the  power  available,  and  the  intermediate 
dotted  curve  drawn  to  the  right  from  B  can  be  given  with  certainty 
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as  a  close  approximation  to  tiie  actual  power  available  with  litii 
mixtures  when  recombination  is  allowed  for.  On  the  weak  side^ 
curve  I.  will  still  be  the  upper  limit  of  power,  to  which  the  curve 
allowing  for  dissociation  will  rapidly  apj)roach.  As  pointed  out  in 
Section  VII.,  by  the  time  the  mixture  is  20  per  cent  weak  there  is  no 
appreciable  difference  between  the  two  curves.  A  number  of  points 
on  this  curve  could,  of  course,  be  calculated,  as  the  point  B  has  been, 
but  the  position  of  the  curve  is  so  well  defined  by  the  position  of 
curves  I.  and  III.  that  the  labour  of  calculation  would  be  superfluous. 
Taking,  then,  the  dotted  curve  as  being  the  nearest  estimate  of 
■work  per  cycle,  it  will  be  seen  that  when  allowance  is  made  for 
recombination  the  result  is.  on  the  rich  side,  an  even  greater  con- 


•3   -2   -1     0      -1      -2 

Mixture  strength  a 


Fig.  ■ 
Power  output. 


Benzene. 


stancy  of  power  with  mixture  strength  ;  there  is  no  appreciable 
variation  up  to  a  =0.25.  On  the  weak-mixture  side,  however, 
since  curve  I.  must  still  give  the  upper  limits  of  power,  there  will  be 
a  very  rapid  falling  off.  This  is  exactly  what  is  found  in  engine  tests  : 
as  the  mixture  is  weakened  below  the  point  of  maximum  power  there 
is  at  first  a  very  slight  falling  off,  but  a  point  is  soon  reached  at  which 
the  fall  of  power  becomes  rapid  and  running  unstable,  owing  to  the 
irregularity  of  burning. 

On  Fig.  8  the  theoretical  curves  have  been  replotted,  and  also  the 
results  of  a  test  carried  out  by  Mr.  H.  R.  Ricardo  and  the  authors. 

The  compression-ratio  in  this  test  w^as  .5:1,  and  the  fuel  was 
benzene  of  98  per  cent  purity.    The  relative  position  of  the  curves  II. 
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and  III.  is  indefinite,  as  the  quantity  of  air  taken  in  was  not 
measured.  The  shapes  of  the  curves  are,  however,  comparable 
{■i.e.,  the  percentage  power  variation  for  the  same  fractional  change 
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Power  Output.      Benzene. 

of  mixture  strength)  and  the  similarity  is  sufficiently  remarkable  to 
afford  substantial  confirmation  of  the  calculated  results. 


Appexdix  I. 

The  volumetric  heat  of  the  products  of  combustion  of  a  '"  correct  " 
mixture  of  benzene  and  air  is,  for  the  temperature  range  during  com- 
pression, 5.83  cal.  per  gram-mol.  of  original  mixture.  This  corre- 
sponds to  a  value  of  n.  in  th*i  adiabatic  compression  curve  P  V"^  =  k 
of  1.3405.* 

The  absolute  temperature,  Tb,  at  the  end  of   compression  will   be 

2,ro  :<  S"--'""'  =  645. 

The  Centigrade  temperature  is  372'.  and  the  energy  added  on 
compression 

272  X  5. S3  X  10'^^  -=  1.585  kg.  cal.  per  gram-mol. 

*  The  volume  of  the  gram-mol.  is  taken  as  22.41  litres  (Xernst).     This 
corresponds  to  a  value  of  the  gas  constant  R  =  1 .985,  whence 
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The  mean  volumetric  heat  of  air  for  the  same  temperature  range 
is  very  nearly  5.17  cal.  per  gram-mol.,  and  that  of  benzene  vapour 
about  30. 

The  volumetric  heat  of  the  mixture  i.s 

5.17  X  71.4  +  30  X  2       _  ^.       ,  , 
^"T =5.84  cal.  per  gram-niol., 

which  corresponds  to  m  =  1 .  3400. 

The  compression  temperature  is  lowered  0.5  degree  C,  and  the 
energy  added  is  not  appreciably  changed. 

Appendix  II. 

On  the  error  introduced  by  assuming  a  mean  value  for  y  during 
the  expansion. 

The  correct  equation  for  T/  is 

Rln  5  =  4.965  In  ^  -f  0.001406  (T«  -  T/) 

where  E  =  2.012. 

or,  multiplying  by  0.  4343, 

R  log.  5  =  4.965  log.  ^'  ^-  0.0(X)6106  (T,  -  T/) 

R  log.  5  =  2.012  X  0.699  =  1.406. 
If  T/  =  2290,  the  right-hand  side  of  the  equation  is 

^  4 .  965  X  log.  1 .  439  4-  0 .  0006106  X  1 006 
=  0.7845  +  0.6142 
=  1 .399. 

If  T/  =  2280,  ^'  =  1 .446  ;   log.  1 .446  =  1 .602. 

Right-hand  side   =4.965  X  1.602  +0.0006106  x  1016 

=  1.416. 
.  ^ .  True  value  for  T/  =  2286  =  2013=  C, 
as  against  2017°  C.  obtained  by  using  mean  value  for  y.    Work  done 
=  8.98  kg.  calories,  as  against  8.94,  i.e.,  0.45  per  cent  more  than 
that  calculated  by  assuming  a  mean  value  for  y. 

Appendix  III. 

Details  of  Maximum  Temperature  Calculation. 

In  the  reaction 

2CgH6  +  15  0-. +  56.4X2 

=  A.  CO,  +  B.  CO  +"  C.  H2O  +  D.  H, 

+  E.  0. +  56.4N, 
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we  have 

A  -f  B  =  12 

2A-fB-fC  +  2E  =  30 

C  +  D=    6. 

And,  if  the  maximum  temperature  be  guessed  as  2650°  C, 

T>2  T>        p 

^2  E  =  0.421  and  ^^  -  K  =  13.4. 

The  best  way  of  solving  these  five  equations  is  probably  to  guess 
a  value  for  one  of  the  unknowns,  say  E,  deduce  A,  B,  C,  and  D,  and 
see  if  the  reaction  constant  K  =:  13.4  is  satisfied. 

A  little  practice  will  shov;  to  what  extent  E  must  be  modified  to 
fulfil  this  condition.  K  varies  comparatively  slowly  with  the  tem- 
perature, and  it  will  be  found  that  an  error  in  the  reaction  constant 
corresponding  to  300  degrees  C.  difierence  of  temperature  makes  a 
negligible  difference  (about  0.05  per  cent)  in  the  heat  liberated  on 
combustion  and  in  the  final  result. 

Hence  it  is  not  necessary  to  go  on  adjusting  A,  B,  C,  and  D  until  K 
corresponds  very  exactly  with  the  final  temperature  calculated. 

The  solution  for  A,  B,  C,  D,  and  E  gives 

A  =  8.22 
B  =  3.78 
C  =  5.80 
D=0.20 
E  =  1.99. 

If  the  whole  two  molecules  of  benzene  had  been  burnt  to  COj  and 
water,  the   heat  of   combustion  of  the   mixture   would  have   been 

2  X  751 
2    X   751kg.   cal.   or  =20.46   kg.   cal.  per  gram-mol.  of 

mixture. 

But  since  there  are  in  the  final  mixture  3.78  molecules  of  CO 
and  0.20  molecule  of  Hj,  the  actual  heat  liberated  will  be  (2  X  751) 
less  the  heat  of  combustion  of  these  quantities  of  CO  and  H,. 

The  heat  liberated,  therefore,  per  gram-mol.   of  mixture  will  be 

2x751-3.78x68-0.20x57.8       ,,  o^, 

=  lo.oOkg.  cal. 


73.4 

and  the  energv  content  at  maximum  temperature  =  16.80  +  1 .59 
=  18.39  kg.  cal. 

There  are,  in  the  products  of  combustion  of  73.4  gram-mol.  of 
original  mixture, 

Diatomic  gases  56 . 4  —  3 .  78  +  .  20  -f  1 .  99    =   62 .  37 

CO,      =     8.22 

HoO =     5.80 
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The  mean  volumetric  heats  100''  C.  -  2750'  C.  (from  Table  I.,  p.  -t) 

are : 

Diatomic  gases    6.09   cal.    per  cram-mol.  per  "C. 

CO .    10.89       .,       ,,    '        .,  „      „ 

H.,6      ....   10.16       „       „  „  „      „ 

Hence  the  mean  volumetric  heat  of  the  products  of  combustion  of 
1  gram-mol.  of  original  mixture  between  100^  C.  and  2650^  C.  is 

(62.37  X  6.09  +  8.22  x  10.90  +  5.8  x  10.16) 
^  73.4  =  7. 20 cal.  per  T., 

and  the  calculated  maximum  temperature  is 
18390 


7.20 


100  =  2655°  C. 


Appendix  IV 


The  Accuracy  in  Taking  a  Mean  Value  of  n  in  P  V"  Const. 
FOR  Calculating  the  Work  Done  During  Expansion 
when  Recombination  is  Allowed  for. 

It  was  shown  in  Appendix  II.  that  for  the  expansion  of  the  undis- 
sociated  mixture  it  was  quite  sufl&ciently  accurate  to  take  a  mean 
value  of  u  corresponding  to  no  net  gain  or  loss  of  heat  during  expan- 
sion. 

In  order  to  show  that  this  is  also  justifiable  when  recombination 
is  taking  place,  it  has  been  thought  advisable  to  deal  with  the  expan- 
sion in  stages,  calculating  the  equilibrium  condition  at  three  points 
during  the  process,  and  the  work  done  during  each  stage. 

Starting  with  the  dissociated  mixture  at  2655°  C,  the  equilibrium 
condition,  and  hence  the  energy  content  (heat  and  chemical),  of  the 
mixture  has  been  found  after  expansion  to  twice,  three  times,  and 
five  times  the  original  volume. 

The  results  are  shown  in  Table  XX. 

Table  XX. 


I     Mean  specific 
\'ol.  Temp.  =  °  C.      Energy  content.  heat  for  Work  done. 


2655 

22.04 

2352 

18.105 

2186 

16.00 

1973 

13.54 

12.99 

3.935 

12.68 

2.  105 

11.55 

2.46 

It  will  be  seen  that  the  final  temperature  reached,  after  calculation 
in  three  stages  with  the  correct  specific  heat  for  each  range,  only 
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differs  by  1  degree  from  that  found  when  a  mean  specific  heat  of 
12.48  cal.  per  gram-niol.  per  degree  was  taken  for  the  whole  range, 
and  that  the  calculated  work  done  is  identical  with  that  found  in 
Section  VII.,  namely,  8.50  kg.  cal. 

Appendix  V. 

In  Part  I.,  Section  IV.,  p.  11,  it  was  stated  that  the  maximum 
theoretical  efficiency,  assuming  no  loss  of  heat  during  the  working 
stroke,  was  38  per  cent  at  a  compression-ratio  of  5  :  1,  whereas  the 
best  experimental  figure  actually  obtained  was  32  per  cent.  A  small 
part  of  this  difference  must  doubtless  be  attributed  to  the  fact  that 
the  explosion  is  not  instantaneous,  but  the  major  part  is  probably  due 
to  loss  of  heat  during  the  working  stroke.  Some  estimate  of  this 
from  the  difference  between  the  theoretical  and  practical  result  can 
be  obtained  in  the  following  wav.  The  total  heat  in  the  working 
fluid  (reckoned  from  100"  C.)  at  the  maximum  pressure  =  heat  of 
combustion  —  heat  of  compression  =  16.46  +  1 -59  =  18.05  kg. 
calories.  The  work  done  on  expansion  is  6.24  -j-  1-59  =  ^ -83  kg, 
calories,  and  the  efficiency  of  expansion,  reckoned  on  total  heat,  is 

therefore  -^-7^—^  ,  or  about  43  per  cent.    The  efficiency  of  expansion 
18. Oo 

reckoned  in  this  way  increases  somewhat  with  decrease  of  tempera- 
ture, but  this  can  be  neglected.  If  the  entire  heat-loss  occurs  before 
the  expansion  begins,  and  if  it  is  equal  to  a  fraction  x  of  the  heat 
of  combustion,  the  total  heat  =  18.05  —  Q  x,  where  Q  =  heat  of 
combustion,  and  the  work  done  on  expansion  is  then 

0.43(18.05  -  Q.r). 

Hence  the  loss  in  efficiency 

=  0.43  X  Q.r  =  0.38  -  0.32 

0.06   ^ 
^•==0:43^ 

=  0.14Q. 

Hence  the  difference  between  the  maximum  theoretical  and 
practical  efficiency  is  accounted  for  by  a  loss  of  heat  equal  to  14  per 
cent  of  the  total  heat  of  combustion  before  expansion  begins.  The 
observed  loss  of  heac  to  the  jackets  in  these  experiments  was  25  per 
cent  of  the  heat  of  combustion.  This  is  the  loss  during  the  complete 
cycle,  so  that  the  difference  between  theory  and  experiment  is  satis- 
factorily accounted  for,  especially  when  it  is  remembered  that  the 
further  the  expansion  goes  before  the  loss  of  heat  occurs,  the  smaller 
will  be  the  effect  of  this  on  the  work  done. 


SECTION  II. 


RIGARDO'S  INVESTIGATIONS   FOR  THE   ASIATIC 
PETROLEUM    CO. 


THE  INFLUENCE  OF  VARIOUS   FUELS   ON  THE 
PERFORMANCE   OF  INTERNAL  COMBUSTION    ENGINES. 


Ill  August,  1919,  the  directors  of  the  Asiatic  Petroleum  Co.,  Ltd., 
invited  the  author  to  carry  out,  on  their  behalf,  an  extensive  series 
-of  experiments  on  vohxtile  hydrocarbon  fuels.  After  some  discussion 
it  was  decided  to  extend  the  experiments  to  embrace  as  thorough 
^n  investigation  as  possible  into  the  behaviour  of  the  working  fluid 
in  an  internal  combustion  engine  cylinder,  and  more  particularly 
the  influence  of  the  composition  of  the  fuel  upon  its  behaviour. 

The  Asiatic  Petroleum  Co.  all  along  desired  that  the  line  of  research 
.should  be  such  as  Avould  yield  results  of  real  scientific  interest,  and 
juade  it  clear  from  the  start  that  they  had  no  wish  to  restrict  the 
jjinge  of  research  within  limits  which  would  be  of  direct  commercial 
value  to  themselves  alone.  Further,  they  readily  agreed  that,  in 
■order  to  render  the  results  really  conclusive,  every  endeavour  should 
be  made  to  ensuri;  the  highest  attainable  standard  of  accuracy 
throughout,  and  to  this  end  they  were  prepared  to  provide  the  most 
■costly  and  elaborate  apparatus. 

The  autlior  was  fortunate  in  being  able  to  obtain,  in  addition  to 
the  staff  of  his  own  firm,  the  assistance  of  Mr.  H.  T.  Tizard  and 
]Mr.  ^larshall,  of  Oxford  University,  and  Mr.  D.  R.  Pye,  of  Cambridge 
University,  all  of  whom  have  contributed  invaluable  assistance, 
not  only  in  investigating  the  chemical  properties  of  the  various 
samples  tested  and  making  valuable  recommendations,  but  also  in 
analysing  the  experimental  results  obtained,  and  in  carrying  out 
.a  very  exhaustive  theoretical  examination  of  the  properties  of  the 
working  fluid  under  all  conditions.*  The  author  is  also  deeply 
indebted  to  Mr.  Kewley,  chief  chemist  of  the  Asiatic  Petroleum  Co., 
Ltd.,  for  his  wholehearted  assistance  and  enthusiasm.  His  great 
knowledge  of  the  chemical  problems  involved  and  his  generous 
co-operation  throughout  proved  invaluable.  Great  credit  is  due  also 
to  Mr.  0.  Thornycroft,  who  throughout  had  direct  charge  of  all  the 
experimental  apparatus,  and  to  whose  knowledge  and  care  the 
accuracy  and  consistency  of  the  experimental  results  are  largely 
due. 

At  the  date  of  this  report  (February,  1921)  a  very  large  amount 
of  experimental  work  had  been  carried  out,  and  many  data  had  been 
•obtained  both  from  practical  tests  and  from  theoretical  reasoning. 

*  See  p.  1  fintc. 

E    li 
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Altliougli  imicli  yet  remains  to  be  done  arid  manv  avenues  are  stilP 
awaitino;  exploration,  it  was  considered  that  siiilicient  inforniationi 
liad  been  acquired,  and  a  sufficient  numlier  of  conclusions  had  been 
arrived  at,  to  warrant  the  publication  of,  at  any  rate,  an  interim: 
re])ort. 

Before  proceeding  further,  the  author  would  like  to  pay  a  tribute- 
to  the  very  public-sj)irited  attitude  of  the  Asiatic  Petroleum  Co. 
in  permitting  him  to  publish  the  results  so  far  obtained.  The  research 
has  necessarily  involved  the  design  and  manufacture  of  much  intricate- 
and  highly  specialised  aj^paratus,  and  the  continuous  employment 
of  a  very  considerable  staff  of  experts.  Tt  will  be  realised;  therefore,, 
that  it  has  been  of  a  verv  costlv  nature. 


1. — Analysis  of  Existing  Information. 

Before  any  actual  experimental  work  was  started  upon  a  careful! 
analysis  was  made  of  the  existing  information  with  a  view  to  indi- 
cating the  direction  in  which  research  was  likely  to  prove  most 
fruitful,  and  at  the  same  time  a  preliminary  investigation  was  made- 
both  as  to  the  requirements  which  an  ideal  fuel  should  fulfil  and  as 
to  the  possible  variations  which  might  be  expected  as  between  fuels- 
of  different  chemical  composition. 

The  analysis  of  existing  information  proved,  for  the  most  part, 
soiuewhat  disappointing  ;  although  many  valuable  data  relating- 
to  the  theoretical  side  were  found,  particularly  in  the  publications 
of  the  Journal  of  the  Chemical  Societ//,  and  in  various  other  scientific 
publication?,  the  actual  experimental  data  available  proved  to  be  of 
verv  little  value.  In  many  of  the  published  experimental  results 
it  was  found,  on  close  scrutiny,  that  the  results  would  not  agree 
among  themselves  ;  such  data  had  to  be  set  aside  as  unreliable.  In 
other  cases,  although  carefuf  cross-checking  revealed  the  fact  that 
the  experiments  were  carefully  and  intelligently  carried  out,  it 
revealed  also,  in  nearly  every  case,  that  the  performance  of  the- 
engine  on  which  the  investigations  were  made  was  so  low,  either  in 
power  or  efficiency,  or  both,  that  some  large  factor  was  clearly 
intervening  to  prevent  the  attainment  of  anything  approaching  the 
efficiency  of  which  the  engine  should  be  caj^able.  This  factor  was- 
generally  bad  distribution  or  bad  combustion-chamber  design,  and. 
since  the  influence  of  either  of  these  factors,  and  more  particularly 
the  first,  will  vary  widely  with  fuels  of  different  volatility  or  chemical 
composition,  it  was  obvious  that  the  controlling  factor  was  a  variable 
one  as  between  different  fuels,  and  therefore  nuist  vitiate  the  results. 
The  outcome  of  this  analysis  was  therefore  to  reveal  that,  so  far  as. 
engine  test  results  were  concerned,  there  appeared  to  be  no  informa- 
tion sufficiently  accurate  or  reliable  to  be  of  much  practical  value. 
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2. — LixES  ov  Investigatiox. 

After  much  thought  it  was  decided  that  the  most  fruitful  lines  of 
investigation  to  explore,  as  a  beginning,  were  : — 

(1)  To  make  a  thorough  investigation  into  the  factors  controlling 
•detonation,  since  the  tendency  to  detonate  determijies  the  degree  of 
•compression  which  may  be  employed,  and  therefore  both  the  power 
■and  efficiency  of  an  engine. 

(2)  To  determine  accurately  the  total  internal  energy  of  each  fuel 
when  mixed  with  the  quantity  of  air  required  for  complete  combus- 
tion, for  when  burnt  with  equal  efficiency  it  is  clear  that  the  power 
•output  obtainable  with  each  fuel  will  be  directly  proportional  to  the 
total  internal  energy.  It  is  perhaps  as  well  to  emphasise  that  the 
internal  energy  of  the  cylinder  charge  has  little  or  no  connection 
with  the  heat  value  of  the  fuel,  in  terms  of  its  weight. 

(3)  To  determine  the  losses  due  to  change  in  specific  heat  and 
•dissociation  at  high  temperatures,  and  to  ascertain  how  far  these 
•losses  vary  with  different  fuels. 

(4)  To  investigate  the  available  range  of  burning  of  differtnit  fuels. 

(5)  To  investigate  the  factors  controlling  distribution  and  ease 
■of  starting. 

(6)  To  determine  accurately  the  calorific  value  of  different  fuels. 

(7)  To  determine  accurately  both  the  self-ignition  temperature 
■and  the  process  of  combustion,  when  different  fuels  are  ignited  by 
•adiabatic  compression  in  a  large  cylinder. 

Of  these  factors,  it  was  already  realised  that  the  first  was  likely  to 
prove  by  far  the  most  important — it  was  known  in  a  ver}'  general 
way  that  certain  fuels,  such  as  benzole  and  other  members  of  the 
■aromatic  group,  also  alcoJiol,  would  not  detonate  readily  even  under 
very  high  compression-pressures,  and  that  detonation  could  be  kept 
lin  check  by  the  addition  of  benzole  to  ordinary  petrol — a  fair  amount 
of  data  was  available  also  as  to  the  phenomena  of  detonation.  Very 
little  information  of  a  quantitative  nature  was,  however,  available, 
nor  was  anything  known  as  to  the  influence  of  other  fuels  upon 
detonation. 

With  regard  to  (2),  (3),  and  (4),  very  little  information  was  avail- 
-able,  at  all  events  in  a  form  readily  applicable  by  engineers.  Sir 
Dugald  Clerk,  Professor  Hopkinson,  and  other  members  of  the 
•Gaseous  Explosions  Committee  of  the  British  Association,  had,  before 
the  war,  made  a  very  extensive  investigation  of  these  factors  in 
relation  to  coal  gas,  but  it  has  long  been  realised  by  many  investi- 
.gators  that  the  conditions  are  widely  different  when  applied  to  the 
volatile  hydrocarbon  fuels  which  contain  no  inert  constituents, 
It  is,  of  course,  evident  that  any  variation  either  in  the  total  internal 
■energy,  in  the  losses  due  to  dissociation  and  change  of  specific  heat. 
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or  in  the  rauge  of  burning  available,  would  influence  verv  ])0\vt'rf  nil y 
both  the  power  output  ami  efficiency  obtainable,  even  with  tlie  sain& 
compression-ratio. 

With  regard  to  (5),  it  was  clear  that  the  distribution  and  ease  of 
starting  must  necessarily  be  dependent  to  some  extent  at  least  on 
the  chemical  and  physical  characteristics  of  the  fuel,  and  it  was. 
clearly  of  importance  to  determine  how  far  it  was  so  dependent,  and 
to  ascertain  what  were  the  practical  limits  as  to  range  of  boiling  point, 
vapour  tension,  and  othi'r  such  considerations. 

With  regard  to  (G),  the  published  data  as  to  the  heat  value  of 
tlifferent  fuels  were  found  in  many  cases  to  be  contradictory  and 
unreliable. 

Finall}',  as  regards  (7),  a  somewhat  elaborate  ])iece  of  apparatus, 
lias  been  designed  and  constructed  for  research  in  this  direction,, 
but  few  data  are  as  yet  availabh-. 

3. — (tExeual  CoN'crA'STOx.s  FROM  Tests. 

Before  proceeding  to  details  either  of  the  a])paratiis  employed 
or  of  the  experimental  or  theoretical  results  obtained,  it  will  perhajx 
be  well  to  outline  very  briefly  the  definite  practical  conchisions  which 
have  already  been  arrived  at,  and  to  deal  later  and  in  more  detail 
with  the  reasoning  and  the  experimental  results  by  which  they  hav(v 
been  deduced  and  confirmed. 

With  the  exception  of  alcohol  and  certain  other  bodies,  tliese 
conclusions  may  be  taken  as  ap[)lying  to  all  volatile  liquid  hydro- 
carbons practically  available  and  all  combinations  thereof.  Alctjhol 
and  other  bodies  containing  oxygen  atoms  in  the  molecule  differ 
in  certain  important  characteristics,  and  therefore  cannot  be  included 
without  some  reservations.  The  general  conclusions,  expressed  as 
briefly  as  possible,  subject,  as  such  conclusions  always  must  be,  to 
minor  qualifying  conditions  which  will  be  dealt  with  later,  are  a.s 
follows  : 

(1)  It  has  been  proved  that  the  tendency  of  a  fuel  to  detonate  is 
the  one  outstanding  factor  in  determining  its  value  for  use  in  au 
internal  conibustion  engine.  Compared  with  this,  all  other  considera- 
tions are  of  secondary  im])ortauce. 

(2)  There  appears  to  be  little  doubt  as  to  the  correctness  of  the 
view,  now  generally  accepted,  that  detonation  is  less  the  lower  the 
rate  of  burning  of  the  fuel. 

(3)  In  all  cases  it  seems  that  a  low  rate  of  burning  is  advantageous. 
No  fuel  has  yet  been  found  of  which  the  rate  of  burning  was  too  low" 
to  permit  of  maximum  efficiency  being  obtained  in  the  highest- 
speed  engine  yet  tested. 

(4)  Fuels  capable  of  standing  a  very  high  compression  will  operatic 
in  a  low-compression  engine  equally  as  etHciently  as  those  of  whicli 
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Fig.  1. 
General  avraugenieut  of  variable-compressiou  engine. 
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Fig.  2. 
General  arrangement  of  variable-compression  engine. 
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the  normal  rate  of  burninii  is  liigh,  pro\ided  that  there  is  a  reasonable 
degree  of  turbulence  in  the  combustion  chamber. 

(5)  Apart  from  the  limitations  introduced  by  detonation,  the 
power  output  obtainable  from  all  volatile  liquid  fuels,  with  the 
exception  of  the  alcohol  group,  is  tlie  same  at  the  same  compression 
to  within  less  than  2  per  cent.  >Such  variations  as  occur  within  this 
range  are  due  rather  to  variations  in  the  latent  heat  of  evaporation 
than  to  any  other  circumstance. 

(6)  Owing  to  the  high  latent  heat  and  low  l)oiling  point  of  alcohol 
and  certain" other  bodies,  the  weight  of  charge  per  cycle  is  greater 
and  a  higher  power  output  is  obtained  in  consequence. 

(7)  The  efficiency  with  which  all  volatile  fuels,  other  than  alcohol 
and  the  others  previously  referred  to,  are  burnt  is  the  same,  at  the 
same  compression-ratio,  irrespective  of  rate  of  burning,  pro^aded 
that  the  compression  is  low  enought  to  avoid  detonation  under  any 
circumstances.  In  the  case  of  ak-ohol  the  efficiency  is  very  slightly 
higher,  for  reasons  which  will  lie  considered  later. 

(8)  The  useful  range  of  burning  is  to  all  intents  and  purposes  the 
same  for  all  volatile  liquid  fuels. 

(9)  The  unavoidable  losses  due  to  dissociation  and  change  of  specific 
heat  at  high  temperatures  are  substantially  the  same  in  all  cases. 

(10)  All  the  experimental  results  indicate  that,  with  certain  trifling 
exceptions  Avhich  will  be  considered  later,  the  performance  of  any 
combination  of  hydrocarbons  as  regards  detonation,  and  therefore 
the  power  output  and  efficiency  obtainable,  is  the  mean  performance 
of  each  of  the  components.  The  jicrformance  of  any  complex  fuel 
such  as  petrol  can  therefore  be  ])redicted,  once  the  nature  and  pro- 
portion of  its  constituents  are  determined,  or  conversely,  a  fuel  can 
be  ])repared  to  give  any  required  performance  within  the  limits 
available. 

(11)  No  increase  in  power  or  efficiency  has  been  found  or  need  be 
expected  from  the  use  of  "  dopes."  A  large  number  of  these  were 
investigated  and  tested,  but,  as  might  be  expected,  the  improve- 
ments in  all  cases  proved  to  be  jiractically  negligible,  but  certain 
substances,  notably  tetra-ethyl  h'lid,  when  added  in  small  quan- 
tities, tend  to  suppress  detonation. 

(12)  The  highest  useful  comprt'ssion-ratio  for,  and  therefore  the 
power  output  obtainable  from,  any  jx'trol  is  governed  by  the  relative 
proportions  of  aromatics,  naphtln'iies,  and  paraffins  it  contains — 
the  smaller  the  proportion  of  the  latter  the  better  from  almost  every 
point  of  view.    The  influence  of  oletines  has  not  yet  been  investigated. 

(13)  To  judge  of  the  quality  of  a  fuel  by  its  specific  gravity  is 
entirely  misleading.  If  naj)hthene  and  aromatic  fractions  are  present 
in  any  large  proportion  (as  is  sometimes  the  case),  then  a  high 
specific  gravity  is  a  substantial  advantage. 

(14)  Owing  to  the  very  rich  mixture  delivered  normally  by  pilot 
jets  and  the  still  further  cnriclmifjit  effected  by  flooding,  only  a 
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ri'Iativcly  small  })r'()[)<irtH)ii  of  liiirlily  volatilt;  oonstitiu'iits  aii]»ear» 
to  be  requiri'd  for  starting/. 

(15)  There  is  coiisiderahlc  (•\  mIimki-  to  indicate  that  in  the  case  of 
most  "natural"  petrols  tlic  iiinri-  valuahie  constituents  are  those 
of  which  the  boiling  points  lie  bi-t  wi-cn  the  range  80°  C.  to  180°  C. 
It  is  therefore  often  (juite  as  uiidi-sirable  to  restrict  the  final  boiling 
])oint  of  a  fuel  to  150°  C.  as  il  is  to  permit  it  to  exceed  200°  C.  So 
luueh,  however,  de])ends  on  1 1n-  actual  composition  of  the  fuel,  and 
so  great  are  the  variations  in  tliis  rcspoct  that  tliis  conclusion  must 
be  regarded  only  as  a  broad  gciicralisation. 

4. — LlS'l'    Ol'    Al'I'AHAI  IS. 

The  apparatus  constructrd  or  n'(piisitit)ned  for  these  experiment* 
will  be  des(Ti))ed  in  detail  at  a  later  stage  ;  the  principal  items  con- 
sist of  : — ■ 

(1)  A  special  variable-compression  research  engine.  Figs.  1  and 
2.  This  engine  has  been  described  in  a  paper  presented  by  the 
author  at  the  British  Association  meeting  at  Cardiff  and  reported 
in  full  in  Evgineering  of  Sejiteniber  .'5rtl  and  10th,  1920. 

(2)  A  research  engine  |irn\i(lc(l  with  means  for  supercharging 
the  cylinder. 

(3)  A  special  machine  for  determining  tiie  self-ignition  tempera- 
ture and  pressure  of  fuels  under  adiabatic  compression. 

(4)  A  single-cylinder  experimental  engine  with  crosshead  piston, 
used  chiefly  for  experiments  on  fuels  of  high  boiling  point. 

(5)  A  more  or  less  floating  po[iulatiou  of  engines  of  various  coin- 
meix"ial  types,  mostly  four-cylinder,  used  for  tests  on  starting, 
check  tests,  etc. 

(G)  Several  motor  cars  of  different  types  for  road  testing. 
(7)  A  miscellaneous  collection  of  auxiliary  apparatus. 

It  will  be  shown  later,  in  detail,  that  the  standard  of  accuracy 
obtainable  with  both  the  research  engines,  and  more  particularly 
the  variable-compression  engine,  is  exceptionally  high  ;  extreme 
variations  extending  over  a  year's  running  have  been  found  to  be 
less  than  1  per  cent,  while  the  mean  results  obtained  during  anyone 
group  of  tests  may  be  taken  as  accurate  in  most  respects  to  within 
one-quarter  of  1  per  cent. 

I'he  absolute  accuracy  of  all  the  figures  given  later  as  test  results 
may  safely  be  accepted  as  being  within  one-half  of  1  per  cent,  while 
the  relative  accuracy  is  about  twice  as  high. 

The  accuracy  of  tests  on  the  variotis  commercial  engines  is  not  of 
a  very  high  order.  While  the  accuracy  of  observation  is  comparable 
with  that  obtained  on  tlie  research  «'ngines,  the  mechanical  and 
thermal  efficiency  of  such  engin<'s  is,  for  the  most  part,  so  low  that 
variations  in  the  efficiency  or  power  output  obtainable  with  different 
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fiu'ls  wore  only  too  frequently  coiniiletely  obscured  by  mut-h  larger 
variations  in  the  friction  losses,  distribution,  carburation,  etc. 

Little  was  hoped  for  from  road  tests  on  cars,  and  indt^ed  t liey  proved 
to  be  practically  valueless  for  indieatins  small  differences.  It  was 
found  impossible  to  assess  and  allow  for  the  variations  due  to  road 
surface,  wind,  tyre  inflation,  and  many  other  variables,  all  of  so  large 
a  magnitude  as  completely  to  mask  any  but  well-marked  differences. 

It  soon  became  a})parent  that  the  only  conclusions  of  any  value 
from  road  tests  would  be  those  drawn  from  the  mean  results  of  a 
large  accumulotion  of  data  obtained  from  the  behaviour  of  many 
vehicles  operating  over  a  long  period  on  each  sample  of  fuel.  Such 
a  test  was  not  practically  possiblp. 

5. — Char.\ctePvISTics  of  Fl'els  Tested. 

One  of  the  most  serious  difficulties  which  had  to  be  contended  with 
was  that  in  many  cases  it  was  altogether  impracticable  to  obtim 
chemicallv  pure  samph's  in  sufficient  bulk.  It  would,  of  course,  have 
been  desirable  to  use  a  pure  lisht  fraction — preferably  of  the  paraffin 
series — as  a  standard  basis  of  comparison,  but  to  obtain  a  pure 
fraction,  such  as  hexane,  in  the  quantity  required  for  calibration 
and  check  testing,  would  have  been  altogether  out  of  the  question. 
After  mucli  consideration  it  was  decided  to  employ  as  a  standard 
basis  of  comparison  a  comparatively  light  petrol  containing  a  fairly 
high  pro]>ortiou  of  paraffin  fractions,  and  from  which  all,  or  almost 
all,  of  the  aromatic  members  of  the  series  had  been  removed  by 
sulphonation.  For  this  purpose  the  Asiatic  Petroleum  Co.  set  aside 
some  5  tons  of  suitable  petrol  and  treated  it  by  sulphonation  until 
the  aromatic  content  was  reduced  to  less  than  2  per  cent.  This  fuel, 
which  was  used  throughout  the  whole  series  of  experiments,  both  for 
calibrating  the  engines  and  for  comparative  purposes,  will  be  referred 
to  in  future  as  standard  aromatic  free  petrol.  Its  general  charac- 
teristics are  given  in  Tables  I.  and  II..*  pp.  H'2-li'}. 

From  these  Tables  it  will  be  seen  that  the  standard  aromatic  free 
])('trol  consists  almost  entirely  of  members  of  the  paraffin  and 
naphthene  series.  Since  the  whole  quantity  was  dra\\-n  from  one 
tnnk  and  sulphonated  at  one  operation,  it  follows  that  its  uniformity 
does  not  vary — a  very  important  consideration  in  view  of  the  fact 
that  the  research  was  expected  to  occupy  not  less  than  two  years, 
and  any  change  in  the  com])osition  of  the  standard  fuel  would  have 
involved  endless  complications  and  the  possibility  of  serious  errors. 

It  was  found  that  the  minimum  quantity  of  fiiel  required  for  any 
individual  test  was  about  two  gallons,  and  this,  of  course,  left  no 
margin  for  re-tests  or  for  checking  discrepancies,  such  as  are  inevit- 
able when  working  within  such  fine  limits.     "While  every  effort  was 

*  NoTK. — As  .so  many  reference.s  to  tlie  same  Table  are  made  through- 
out this  Section  of  the  Report,  it  has  been  thoiiglit  well  to  place  all  the 
Tables  togetlier  at  the  end,  on  pp.  142  to  154. 
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aiiade  to  obtain  clK'uucally  pure  .saiH[)l('s  of  the  various  iu('ml)ers  of 
•differcjit  scrios,  it  was  by  no  means  always  possible  to  do  this,  and 
jn  several  instances  serious  errors  were  introduced  due  to  the  ])resence 
•of  im])urities  in  what  purported  to  be  chemically  pure  samples.  Of 
the  ])arattin  series,  reasonably  pure  hexane  was,  with  great  difficulty, 
•obtained  in  sutHcient  bulk  to  permit  of  extensive  tests.  Of  the 
iiaphtlH'ne  series,  samples  of  cyclohexane,  hexahydrotohiene,  and 
iexahydroxylene  were  obtained  in  sufficient  bulk,  but.,  although  the 
first  of  these  purported  to  be  chemically  i>ure,  subsequent  analysis 
indicated  that  it  contained  so  considerable  a  percentage  of  ])araf}ins 
.and  aromatics  as  appreciably  to  modify  the  conclusiojis  drawn  from 
the  earlier  experimental  results.  Of  the  aromatic  series,  samples  of 
benzene  and  toluene  of  great  purity  were  relativ^ely  easily  obtained. 
The  very  greatest  difficulty  was  experienced  in  obtaining  ethyl 
.alcohol,  and,  in  spite  of  numerous  a])plications,  the  Customs  authori- 
-ties  resolutely  declined  to  permit  of  its  being  supj)lied  duty  free, 
in  spite  of  the  fact  that  the  nature  and  purpose  of  the  research  was 
[perfectly  well  known  to  them. 

Considerations  of  the  chemical  and  j)hysical  properties  of  ethyl 
alcohol  made  it  clear,  )iot  only  that  it  would  prove  highly  interesting 
lin  itself,  but  also  that  its  behaviour  might  be  expected  to  throw  a 
^ood  deal  of  light  on  several  questions  relating  to  other  fuels,  such 
.as  the  very  important  one  of  the  influence  of  the  latent  heat  of 
•evaporation.  Fairly  early  in  the  course  of  the  research  the  necessity 
for  running  tests  on  alcohol  became  evident,  and  means  had  there- 
fore to  be  tound  for  obtaining  sufficient  quantities  of  this  most 
interesting  fuel.  The  sam])les  ultimately  obtained  proved  to  be  of 
a  very  high  degree  of  purity. 

Of  the  define  series  no  reall}'  i)ure  samples  have  yet  been  obtained 
in  quantities  sufficient  to  run  engine  tests. 

Of  the  sulphur  compounds,  both  carbon  bisulphide  and  methyl 
siKTcaptan  were  obtained  in  sufficient  quantities,  but  the  influence 
of  thiophine  has  not  yet  been  investigated. 

AVith  the  other  miscellaneous  samples,  such  as  ether,  acetylene, 
.acetone,  etc.,  no  difficulty  was  encountered  in  obtaining  sufficient 
.6up])lies  of  reasonable  purity. 

For  the  most  part  the  impurity  of  the  samples  has  not  had  any 
very  important  influence  on  the  deductions  to  be  drawn  from  the 
test  results,  but  their  presence  has  rendered  the  tests  far  more 
arduous,  since  it  was  necessary  in  each  instance  to  determine  the 
nature  and  proportion  of  the  impurities  present  and  to  arrive  by 
independent  tests  at  their  influence.  Once  these  factors  had  been 
determined  the  influence  of  their  presence  on  the  behaviour  of  the 
•fuel  as  a  whoh^  could  be  allowed  for. 

After  the  preliminary  ground  has  been  covered  both  the  theoretical 
4ind  experimental  results,  and  the  conclusions  to  be  drawn  from  them, 
will  be  considered  in  detail. 
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The  close  agreement  between  the  theoretical  deductions  arrived 
at  by  Messrs.  Tizard  and  Pye*  and  the  actual  experimental  data 
has  been  tlironghout  a  very  striking  feature.  The  influence  of  sulphur 
compounds  of  low  ignition  temperature  upon  the  tendency  to  deto- 
nate, and  the  somewhat  eccentric  behaviour  of  heptane,  have  beea 
the  real  surprises,  while  the  very  important  influence  of  the  latent 
heat  of  evaporation  upon  the  power  output  obtainable  was  not 
appreciated  at  first,  nor  does  it  appear  to  have  been  realised  by  any' 
other  investigators. 

6. — Series  of  Tests  Undertaken. 

The  actual  series  of  tests  may  be  divided  broadly  into  two- 
sections  : — 

Section  1. — A  series  of  comparative  tests  carried  out  on  a  large 
number  of  different  samples  of  petrol  with  an  immediate  view  to- 
determining  the  best  mixtures  for  blending,  and  indirectly  with  a 
view  to  exploring  and  determining  the  most  fruitful  avenues  for 
further  research.  This  series  was  carried  out  during  the  earlier  stages 
of  the  research,  while  the  more  accurate  and  intricate  apparatus 
was  in  the  process  of  design  and  construction,  and  while  the  theo- 
retical investigations  were  in  progress. 

Section  2. — -A  much  more  accurate  and  analytical  series  of  tests 
carried  out  with  apparatus  designed  s])ecifically  for  the  purpose, 
using  pure,  or  relatively  j^ure,  samples  of  all  the  different  ingredients 
of  the  various  volatile  liquid  fuels,  conducted  with  a  view  to 

(1)  Checking  and  proving  the  accuracy  of  the  theoretical  deter- 
minations. 

(2)  Ascertaining  the  individual  characteristics  of  samples  of  each 
of  the  various  leading  groups  and  the  influence  of  the  presence  of 
such  samples  on  the  performance  of  a  composite  fuel. 

(3)  Determining  accurately  the  influence  of  com[)ression-ratio,, 
temperatures,  and  pressure,  upon  the  power  output  and  efficiency 
of  an  engine. 

(4)  Determining  the  influence  of  the  addition  of  gases,  both  active,, 
.such  as  acetylene,  and  inert,  such  as  nitrogen,  CO2,  etc. 

In  view  of  the  large  number  of  readings  taken  it  is  impossible  to 
give  actual  individual  results,  except  in  the  cases  of  certain  more  or 
less  isolated  experiments.  For  the  most  part,  the  curves  and  Tables 
which  will  be  given  represent  the  mean  results  of  many  hundreds  of 
readings. 

In  Table  T.,  p.  142,  are  given  a  list  and  the  leading  characteristics 
of  the  various  samples  obtained  in  sufficient  bulk  to  permit  of  fairly 
extensive  tests.  In  addition  to  those  given  in  this  list,  a  large 
immber  of  other  samples  of  petrol  and  also  a  number  of  relatively 
pure  substances  were  tested,  but  these  have  been  omitted  here — in. 

*  Ante. 
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the  former  case  because  the  results  obtained  from  them  were  not  of 
sufHcient  interest,  and  in  the  latter  because  the  quantity  obtainabh' 
was  not  suflicient  uith  which  to  run  a  full  range  of  tests. 

The  various  samples  of  petrols  are  selected  either  because  they  are 
fairly  re])resentative  or,  in  some  cases,  because  they  afford  extreme 
instances  eithi^r  as  regards  their  specific  gravity,  aromatic  content, 
naphthene  content,  etc.  For  obvioiis  reasons  it  is  not  desirable  to 
give  the  trade  names  of  these  different  petrols,  but  they  include 
samples  of  well-known  c<»mmercia]  ])etrols  of  all  grades,  ranging  from 
the  light(!st  aviation  spirit  to  the  heaviest  grade  used  for  mechanical 
transport. 

The  degree  of  purity  of  the  so-called  pure  substances  is  denoted 
by  the  figures  in  brackets. 

Tests  o.\  95  Pek  Cext  Alcohol. 

In  Section  111.  of  this  volume,  and  following  the  description  of 
the  research  outlined  above,  is  a  series  of  tests  carried  out  at  the 
request  of  the  Empire  Motor  Fuels  Committee.  The  primary  object 
of  this  research  was  accurately  to  determine  the  behaviour  of  alcohol 
and  alcohol-benzole  mixtures  in  the  internal  combustion  engine 
already  mentioned,  which  is  equipped  essentially  for  research  })ur- 
l)oses  and  ])rovided  with  a  means  for  varying  the  compression-ratio 
while  running. 

Prior  to  the  carrying  out  of  this  research,  the  ejiginc  w'as  fitted  with 
a  new  combustion  head  giving  a  somewhat  high(!r  combustion 
efficiency  than  that  used  ])reviously.  For  this  reason  both  the  powa^r 
output  and  thermal  efficiency  are  imder  all  conditions  higher  than 
the  figures  which  are  showai  in  the  research  carried  out  for  the 
Asiatic  Petroleum  Co.,  Ltd. 

The  fuel  supplied  for  the  tests  was  ethyl  aclohol,  95  per  cent  by 
volume,  and  having  a  sjx'ciftc  gravity  of  0.815  at  15^  C. 

Series  of  Tests  Uxdertaken.* 

As  the  result  of  meetings  with  Dr.  Ormandy  and  Mr.  G.  W.  Watson 
representing  the  Empire  Motor  Fuels  Committee,  it  was  agreed  that 
the  following  series  of  tests  should  be  carried  out  : — 

Series  I. — Tests  for  ])ower  output  and  consumption  over 
the  complete  available  range  of  mixture  stren.gth  with  wide- 
open  throttle  at  piston  speeds  of  800.  1200,  1600  and  2000ft. 
])CT  minute  and  com])ression-ratios  of  3.8  :  1  and  7.0  :  1. 
C'onstant  heating  to  carburettor.  Number  of  tests  8.  Similar 
ch(;ck  test  with  eom])ression-ratio  of  5.0  :  1  and  piston  speed 
of  1600ft.  per  minute.    Number  of  tests  1. 

Series  II. — Throttle  tests  for  power  and  efficiency  over  com- 
plete range  of  mixture  strength  at  0.8,.  0.6  and  0.4  full  load 

*  For  test:?  oil  alcoliol-etlier  mixtures  .-ce  p.  243. 
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at  piston  speeds  ot  1200  atid  2<MH)ft.  per  iiiinute  and  wltli  a 
compression-ratio  of  5.0  :  I.  Constant  heating  to  carburettor. 
Number  ot  tests  0. 

Series  III. — Tests  over  coinplftf  range  of  mixture  strength 
at  a  piston  speed  of  20(M)ft.  ]u-v  minute.  Compression-ratio 
5.0  :  1.  Constant  lieating  lo  carburettor.  Jacket  outlet 
temjicratures  30^  C.  and  90'  ( '.    Number  of  tests  2. 

Series  IV. — Tests  over  comjth^te  range  of  mixture  strength 
at  a  piston  speed  of  2(X)(Jft.  \itn-  miimte.  Comjiression-ratio 
5.0  :  1.  Heat  input  to  car]>ur«'tt  or  nil  and  2000  watts.  Number 
of  tests  2. 

Total  number  of  tests  1*). 

It  was  further  recommended  iliat  in  the  case  of  Series  II.  a 
directly  comparative  series  of  t<'Sls  sliovdd  be  run  on  jietrol. 

GENERAL  DESCRIPTION  (J I'   K.VCINE  .\ND  TESTING  GEAR. 
The  VARiAnLi>('o\[i'KEs:^iON'  Engtxe. 

The  variable-compressioii  engine  used  for  the  investigations  is 
illustrated  in  Figs.  1  and  2.  Jt  is  essentially  a  high-duty  engine 
capable  of  running  at  very  high  spcr-ds  and  yields  an  exceptionally 
high  power  output  and  thermal  fthciency.  Very  particular  care  has 
been  taken  to  eliminate  all  vaiiable  factors  so  far  as  it  is  possible 
to  do  so,  and  to  ensure  the  higliest  jtossible  standard  of  consistency. 
The  general  lay-out  of  the  testing  ]»lant  is  shown  diagramniatically 
in  Fig.  3,  while  Fig.  -I,  Plate  J.,  is  a  photograph  taken  from  the 
dyna.momi>ter  end. 

Means  were  provided  for  varyiiig  the  compression  of  the  engine 
over  any  range  from  3.7  :  1  up  to  8  :  1  while  running  at  full  power, 
and  without  disturbing  any  tcmitt-rat  nre,  frictional,  mechanical,  or 
other  conditions. 

The  cond)ustion  chamber  is  so  designed  that  its  general  form 
and  ratio  o{  surface  to  volume  undergo  the  minimum  ot  alteration 
when  the  compression  is  varitnl. 

Special  means  are  adopted  to  render  the  engine  as  little  sensitive 
as  possible  to  changes  in  the  temjjerature  of  the  lubricant.  Ball 
bearings  are  used  wherever  ])0ssible,  in  order  to  reduce  variation 
in  friction  with  different  oil  temperatures,  and  the  water  jacketing 
round  tlie  barrel  of  the  cylinder  is  stagnant,  and  therefore  quicklv 
attains  a  constant  tem])erature,  independent  of  the  temperature  of 
the  supply.  This  ensures  that  the  ]>iston  friction  which  is  dependent 
upon  the  temperature  of  the  oil  on  the  cylinder  walls  reaches  a 
minimum  in  the  course  of  a  few  minutes,  and  thereafter  remains 
constant.  The  importance  of  retaining  the  same  general  form  of 
combustion  chamber  under  all  conditions  of  compression  cannot  be 
over-estimated.     Yerv  misleading  results  have  been  obtainr^d  when 
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the  compression-ratio  has  heeu  varied  by  fitting  different  pistons, 
some  with  concave,  others  with  convex  crowns.  In  one  series  of 
experiments  with  different  compression-ratios  which  the  author 
examined,  and  which  were  obviously  carried  out  with  the  most 
scrupulous  care,  the  results  were  entirely  vitiated  because  the  whole 
character  and  efficiency  of  the  combustion  chamber  was  completely 
changed,  as  between  the  low  compression  and  the  high,  with  the 
result  that  a  certain  optimum  compression-ratio  was  claimed  to  have- 
been  found,  after  whicli  any  further  increase  in  compression  resulted 
in  loss  of  power  and  efficiency.  A  careful  scrutiny  of  the  result* 
showed  that  at  or  near  the  so-called  optimum  compression-ratio  the 
efficiency  of  the  combustion  chamber  was  at  a  maximum,  and  that 
at  the  higher  compressions  it  fell  away  very  rapidly,  and  indeed 
became  quite  exceptionally  inefficient. 

In  the  variable-compression  engine  designed  for  the  purpose  of 
these  tests  the  efficiency  of  the  combustion  chamber  undergoes^ 
very  little  change  between  the  lowest  compression-ratio  and  the 
highest,  with  the  result  that  the  efficiency  increases  with  increase 
of  compression  at  a  perfectly  normal  rate  throughout  the  whole 
range. 

As  v\'ill  be  seen  from  the  sectional  drawings  Figs.  1  and  2,  the  com- 
pression-ratio is  varied  by  raising  or  lowering  the  whole  cylinder, 
together  with  the  carburettor,  camshaft,  and  valve  gear  ;  by  this 
means  the  compression-ratio  can  be  varied  over  any  range  in  the 
course  of  a  few  seconds,  and  without  disturbing  any  of  the  tempera- 
ture conditions  or  any  adjustments. 

To  measure  and  record  the  com})ression-ratio  in  use  a  micrometer 
is  provided,  as  shown  in  Fig.  5,  Plate  II.  This  is  arranged  to  operate 
electrical  contacts,  and  controls  a  pilot  lamp  which  lights  up  imme- 
diately the  desired  compression  is  reached,  so  that  the  operator  can 
adjust  the  micrometer  screw  at  his  leisure  to  the  compression-ratio 
he  requires  before  making  any  alteration,  and  can  then  see  at  a 
glance  by  the  lighting  up  of  the  lamp  that  this  compression  has  been 
reached. 

For  the  ignition  of  the  charge  four  sparking-plugs  are  fitted 
equidistant  round  the  circumference  of  the  combustion  chamber, 
each  of  which  is  connected  to  a  Reniy  high-tension  coil.  The  low- 
tension  circuit  of  all  the  coils  is  operated  by  a  single  Remy  contact- 
breaker  driven  directly  from  one  end  of  the  camshaft.  The  object 
of  using  this  arrangement  in  preference  to  magnetos  was  twofold  : — 

(a)  To  ensure  that  the  passage  of  the  spark  across  all  four  plug? 
should  be  absolutely  synchronous. 

(6)  To  ensure  that  the  intensity  of  the  spark  should  be  the  sam* 
at  all  settings. 

In  practice  it  was  found  that  the  use  of  two  sparking-plugs  on 
opposite  sides  of  the  combustion  space  gave  equally  good  results, 
and  all  tests  were  therefore  run  under  these  conditions. 
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Measurement  of  Load  and  Speed, 

The  power  is  absorbed  by  means  of  a  balanced  swinging-field 
<^lectric  dynamometer,  the  torque  being  recorded  by  means  of  an 
open-scale  spring  balance  reading  in  one-tenths  of  a  pound.  A  dead 
weight,  slightly  in  excess  of  the  maximum  torque  of  the  engine,  is 
suspended  from  a  torque  arm  and  the  spring  balance  therefore  records 
only  the  difference  between  the  dead  weight  and  the  actual  torque 
of  the  engine.  The  load  on  the  engine,  and  therefore  the  speed  also, 
me  controlled  by  varying  the  field  excitation  by  means  of  two 
rheostats  connected  in  series,  one  giving  a  relatively  coarse  adjust- 
ment, and  the  other  a  very  fine  one.  The  speed  is  determined 
approximately  by  means  of  a  large  dial  tachometer  Avhich  is  accurate 
to  within  plus  or  minus  1  per  cent ;  for  all  fuel-consumption  and  other 
readings  upon  which  an  accurate  determination  of  the  speed  depends, 
a  magnetically-operated  revolution  counter  is  used.  This  counter 
is  driven  from  the  camshaft  through  the  medium  of  a  magnetically- 
controlled  jaw-clutch,  and  by  this  means  the  exact  number  of  revo- 
lutions during  any  given  time  or  during  the  consumption  of  any  given 
■quantity  of  fuel  can  at  all  times  be  counted  and  recorded. 

Carburation  and  Consumption. 

The  Claudel-Hobson  carburettor  is  provided  with  a  fine-adjustment 
needle-valve  in  the  main  jet,  by  means  of  which  the  mixture  strength 
can  be  controlled  to  any  desired  degree.  The  air  entering  the 
rarburettor  can  be  heated  by  means  of  a  series  of  electrical  heater 
elements  placed  in  a  well-lagged  passage  close  behind  the  jet.  The 
<]uantity  of  heat  supplied  to  these  elements  is  recorded  by  means 
of  a  voltmeter  and  ammeter'  mounted  on  the  switchboard,  and  can 
be  adjusted  by  means  of  a  continuous  coil  rheostat.  By  this  method 
it  is  possible  to  ensure  and  maintain  a  constant  heat-input  ranging 
up  to  2000  watts  or  11-i  B.Th.Us.  per  minute.  For  the  purpose  of 
these  tests,  and  in  order  to  eliminate  any  variables,  a  standard  heat- 
input  of  0.0433  B.Th.Us.  per  revolution  per  minute  w-as  used 
(except  when  expressly  stated  to  the  contrary),  corresponding,  at 
the  normal  speed  of  1500  revs,  per  minute,  to  65  B.Th.Us.  per 
minute. 

For  the  measurements  of  fuel  consumption  a  special  fuel-measuring 
device  is  used  (Fig.  6,  Plate  III.),  consisting  of  a  vertical  double 
conical  chamber,  tapering  to  a  very  narrow  and  parallel  neck  at  either 
end  and  provided  with  a  gauge  glass.  Markers  on  the  gauge  glass  on 
a  level  wuth  the  restricted  portion  of  the  neck  indicate  a  capacity  of 
142.1  c.c,  or  exactly  one-quarter  of  a  pint.  The  fuel  falls  rapidly 
through  the  narrow  necks  at  the  commencement  and  completion  of 
the  measured  quantity,  and  its  passage  past  the  markers  can  be 
clocked  with  great  accuracy  ;  at  the  same  time  the  magnetic  counter 
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is  thrown  into  operation  as  tlie  fuel  passes  the  first  marker^  and  is 
thrown  out.  and  a  brake  applied  automatically  to  its  spindle,  as  it 
passes  the  second  marker.  Thus  both  the  time  taken  to  consume  a 
given  quantity  of  fuel  and  the  actual  number  of  revolutions  made 
during  the  consumption  are  always  recorded. 

Procedure  for  Tests. 

AVhen  making  tests  for  fuel  consumption  under  any  given  set  of 
conditions  the  procedure  adopted  is  as  follows  : — 

After  the  engine  has  been  run  up  to  speed  and  all  conditions  have 
become  normal,  a  few  check  readings  are  first  taken  on  one  or  other 
•of  our  standard  fuels,  depending  upon  the  compression  used.  So 
soon  as  the  readings  obtained  with  the  standard  fuel  are  found  to 
be  within  0.5  ])er  cent  of  the  normal  value  for  that  fuel  under  the 
particular  conditions  of  the  test  the  .supply  is  changed  over  to  the 
iuel  under  test,  the  carburettor  adju.sted  to  yield  a  fairly  strong  mix- 
ture and  the  best  ignition  setting  found.  After  any  conditions 
influenced  by  the  nature  of  the  fuel,  such  as  the  water  temperature 
•etc.,  have  been  re-adjusted,  the  following  readings  are  taken  : — 

(1)  Revs,  per  minute  by  tachometer  (observed  but  not  recorded). 

(2)  Torque. 

(3)  Heat-input  to  carburettor. 

(4)  Temperature  of  outside  air. 

(5)  Water  outlet  temperature. 

(6)  Gas  temperature  in  induction  pipe. 

(7)  Ignition  setting  as  recorded  on  a  dial  attached  to  the  con- 

tact-breaker. 

(8)  Time  in  seconds  during  consumption  of  measured  quantity 

of  fuel. 

(9)  Exact  number  of  revolutions  made  during  consumption  of 

measured  quantity  of  fuel  (by  automatic  counter). 

•  After  taking  one  such  set  of  readings  the  supply  of  fuel  to  the 
jet  is  reduced  by  slightly  closing  the  needle  valve,  a.nd,  if  necessary, 
the  ignition  timing  and  the  field  resistance  of  the  dynamometer  are 
readjusted  to  suit  the  altered  conditions  brought  about  by  the  use  of 
a  slightly  weaker  mixture.  This  done,  another  and  similar  set  of 
readings  is  taken,  after  which  the  mixture  is  again  weakened.  This 
procedure  is  continued  ;intil  the  mixture  strength  becomes  too  weak 
for  steady  running,  with  the  result  that  the  speed  fluctuates  slightly. 

As  a  general  rule  about  ten  such  sets  of  readings  are  taken  at  every 
test,  ranging  from  the  mixture  giving  maximum  power  down  to  the 
weakest  that  can  be  used. 

At  the  conclusion  of  each  test  or  group  of  tests  the  fuel  and  circu- 
lating water  supplies  are  simultaneously  cut  ofi,  and  the  engine  is 
fiiotored  round  at  the  same  speed,  the  change  over  from  full  jiower 
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to  motoring  bi'iiijf  effected  almost  instaiitaaeuusly  without  either 
stopping  the  engine  or  appreciably  reducing  its  speed.  A  reading 
is  then  taken  of  the  torque  required  to  rotate  the  engine  at  the  speed 
at  which  the  test  has  been  run,  and  under  precisely  the  same  tem- 
perature conditions. 

The  object  of  this  latter  test  is  to  ascertain  whether  the  internal 
friction  of  the  engine  has  undergone  any  change. 

Since  the  value  of  any  test  depends,  not  only  upon  the  degree  of 
accuracy  with  which  it  is  conducted,  but  still  more  upon  a  definite 
estimation  of  this  degree,  it  is  well  to  state  clearly  the  direction  and 
magnitude  of  any  errors  which  may  be  introduced. 

Accuracy  of  Readings. 

The  general  degree  of  accuracy  of  the  readings  shown  on  the  test 
sheets  and  curves  may  be  taken  to  be  as  follows  ; — ■ 

(a)  Torque. — The  average  total  weight  lifted  by  the  torque 
arm  is  about  36  lb.  It  can  be  read  with  certainty  to  within 
±0.1  lb.  on  the  spring  balance,  and  when  the  voltage  on  the 
field  circuit  is  steady,  to  within  —  0.05  lb.  As  regards  torque^ 
or,  as  it  is  expressed,  "  mean  ptessure,"  the  accuracy  may  there- 
fore be  regarded  as  being  always  within  the  limits  —  0.3  per 
cent  and  generally  within  „;:  0.2  per  cent. 

(h)  Heat-ii>iJt(t  to  Carhurettor. — This  is  read  in  terms  of  volts 
supplied  to  the  heater.  Both  the  voltmeter  and  the  resistance 
of  the  heater  coils  have  been  checked  against  standard  instru- 
ments, and  their  readings,  when  corrected  for  known  errors, 
may  be  taken  as  accurate  to  within  i  1 .0  per  cent. 

((•)  and  {d)  These  are  direct  thermometer  readings  and  are 
probably  accurate  to  within  about  1  degree  C.  in  absolute 
terms  and  ::  0.25  degree  C  relatively. 

(e)  The  readings  of  temperature  of  the  gases  flowing  through 
the  induction  pipe  between  the  carburettor  and  the  inlet  valves 
are  taken  by  means  of  a  thermometer  lying  in  an  insulated 
pocket  filled  with  mercury  fitted  into  the  induction  pipe.  Owing 
to  the  fact  that  the  walls  of  this  pocket  are  bombarded  with 
finely  divided  liquid  particles  of  fuel,  there  is  good  reason  to 
believe  that  this  thermometer  behaves  to  a  large  extent  as  a  wet- 
bulb  instrument,  and  that  the  absolute  values  of  its  readings 
are  therefore  unreliable.  Readings  taken  at  this  point  must 
therefore  be  regarded  as  being  of  relative  value  only.  In  view 
of  the  fact  that  under  no  conditions  was  the  whole  of  the  fuel 
evaporated  the  relative  values  are  probably  fairly  reliable. 

{/)  lijiutiov  T//»;'»p'.— This  is  recorded  on  a  dial  by  means  of 
a  long  pointer  attached  to  the  contact-breaker.  The  absolute 
relationship  between  the  divisions  on  the  dial  and  the  crank- 
angle  (which  varies  slightly  as  the  platinum  points  wear  down). 
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IS  checked  at  the  conclusion  of  every  test.  The  accuracy 
therefore  of  the  ignition  timing  (by  which  is  meant  the  breaking 
of  contact  between  the  platinum  points  of  the  contact-breaker 
and  not  the  actual  time  of  passage  of  the  spark)  may  be  taken 
as  —  0.5  degree  of  the  crank-angle. 

(g)  Time  in  Seconds  and  Calibration  of  the  Measuring  Device.— 
Experiments  with  different  observers  and  as  between  different 
observations  by  an  individual  observer  indicate  that  the  rapid 
fall  of  fuel  in  the  gauge  glass  past  the  starting  and  finishing 
marks  can  be  observed  to  within  0.2  second  by  any  individual 
observer,  and  to  Avithin  0.4  second  as  between  several  observers. 
The  average  time  when  running  at  1-500  revs,  per  minute  on 
full  throttle  with  a  reasonably  economical  mixture  may  be  taken 
as  10  seconds.  The  accuracy  of  observation  so  far  as  timing 
is  concerned  may  therefore  be  taken  as  —  0.25  per  cent  during 
any  one  series  of  tests,  or  zi  0.5  per  cent  as  between  different 
tests,  when  different  observers  have  been  employed.  So  far 
as  the  tests  for  the  Empire  Motor  Fuels  Committee  are  con- 
cerned, all  the  readings  of  fuel  consumption  were  taken  by  the 
same  observer  throughout.  As  to  calibration,  the  measuring 
device  has  been  re-calibrated  from  time  to  time  by  different 
observers,  all  of  whom  have  found  its  capacity  to  be  the  same 
to  within  =  0.1  per  cent. 

(h)  The  magnetically-operated  counter  is  geared  to  one-fourth 
engine  speed  ;  its  maximum  possible  error  is  therefore  3  revolu- 
tions at  the  commencement  and  3  revolution*  at  the  conclusion 
of  each  test,  a  total  of  6  revolutions  in  an  average  of  1200,  or 
=z  0.25  per  cent. 

The  Supercharging  Engine. 

The  supercharging  engine  used  in  these  experiments  has  been  fully 
described  in  a  paper  read  before  the  Institution  of  Automobile  Engi- 
neers,* a  brief  description  of  its  operation  will  therefore  suffice. 

For  the  purpose  of  these  tests  it  was  employed  almost  solely  for 
investigating  the  tendency  of  fuels  to  detonate,  and  in  order  to 
make  the  detonation  as  severe  as  possible  a  somewhat  higher  com- 
pression-ratio was  used  than  formerly,  and  at  the  same  time  the 
exhaust  valve  was  arranged  to  open  earlier  in  order  to  reduce  to 
the  minimum  the  proportion  of  cooled  exhaust  gas  in  the  scavenge 
and  supercharge  air.  From  the  point  of  view  of  investigating  detona- 
tion it  was  found  to  be  more  sensitive  than  the  variable-compression 
engine,  also  very  accurate  readings  could  be  taken  in  a  remarkably 
short  space  of  time — an  important  consideration  in  all  experimental 
work,  more  especially  when  dealing  with  samples  of  which  the  quan- 

*  See  Proc.  I.A.E.,  Vol.    XV.,  p.  717. 
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tity  was  very  limited,  as  was  the  case  with  many  of  tlie  "  pure  " 
samples. 

This  engine  has  a  cylinder  of  -l:|iu.  bore  and  5iin.  stroke,  and  wa* 
intended  to  run  normally  at  a  speed  of  1500  revs,  per  minute,  at 
which  speed  all  tests  for  detonation  were  carried  out.'  The  valves 
are  arranged  with  the  inlet  directly  over  the  exhaust,  both  valves- 
being  in  a  side  pocket.  It  is  fitted  with  a  crosshead-type  piston,  and 
for  the  purposes  of  these  experiments  a  fixed  compression-ratio  of 
5.18  :  1  was  used. 

Supercharging  is  effected  in  the  following  manner  : — Advantage 
is  taken  of  the  differential  area  of  the  piston  and  crosshead  to  pump 
air,  which  is  drawn  into  a  chamber  below  the  piston  through  a  series 
of  very  light  bronze  flap-valves  ;  the  air  thus  entrapped  is  com- 
pressed by  the  piston  to  a  pressure  of  about  10  lb.  per  sq.  in.,  and 
then  delivered  through  a  water  cooled  mter-cooler  to  the  cylinder. 
The  lower  end  of  the  cylinder  barrel  is  perforated  with  a  number  of 
small  ports  just  uncovered  by  the  piston  at  the  bottom  of  its  stroke. 
The  cycle  of  operations  beginning  with  the  induction  stroke  is  as 
follows  : — 

As  the  piston  descends  a  mixture  of  fuel  and  air  enters  the  cylinder 
through  the  inlet  valve  in  the  usual  manner,  and  at  the  saiue  time 
the  air  in  the  chamber  below  the  piston  is  compressed.  At  about 
95  per  cent  of  the  downward  stroke  the  ports  referred  to  previously 
are  uncovered  by  the  piston  and  the  air  in  the  crosshead  chamber 
enters  the  cylinder,  after  passing  on  its  way  through  the  water 
cooled  inter-cooler,  which  removes  from  it  a  large  proportion  of  the 
heat  of  compression  and  also  of  the  heat  picked  up  from  contact 
with  the  underside  of  the  piston.  About  the  same  time  the  main 
inlet  valve  to  the  cylinder  is  closed  and  the  pressure  in  the  cylinder 
rises,  due  to  the  addition  of  the  supercharge  air  from  slightly  below 
atmospheric  pressure  to  5  lb.  per  sq.  in.  above.  The  additional 
air  entering  in  this  manner  does  not  mix  freely  with  the  fuel  and  air 
in  the  cylinder,  but  forms  more  or  less  a  layer  over  the  crown  of  the 
piston.  On  the  following  upward  stroke  the  contents  of  the  cylinder 
are  compressed,  and  at  the  same  time  a  fresh  supply  of  air  is  drawTi 
into  the  crosshead  chamber  below  the  piston.  During  compression 
very  little  mixture  between  the  live  charge  and  the  supercharge 
takes  place.  On  ignition  the  inflammation  of  the  first  portion  of  the 
charge  causes  a  local  and  rajiid  rise  of  pressure,  and  so  sets  up  a 
fresh  disturbance  which  causes  complete  or  nearly  complete  admixture 
of  the  cylinder  contents,  but  not  until  the  first  portion  is  fully 
ignited.  During  the  expansion  stroke  the  second  charge  of  air  drawn 
into  the  crosshead  chamber  is  compressed.  Towards  the  end  of 
this  stroke  the  exhaust  valve  opens  and  the  bulk  of  the  products  of 
combustion  are  discharged.  Shortly  after  the  opening  of  the  exhaust 
valve  the  ports  in  the  cylinder  wall  are  again  uncovered  by  the 
piston,  a  second  cliarge  of  cool  compressed  air  then  enters  the  cylinder, 
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driving  before  it  some  of  tlie  remaining  products  of  combustion.' 
During  the  following  upward  stroke  of  the  piston  the  contents  of 
the  cylinder  are  discharged  through  the  exhaust  valve,  leaving  only- 
the  compression  space  full  of  a  mixture  of  exhaust  products  and  air. 
At  the  same  time  a  fresh  charge  of  air  is  drawn  into  the  crosshead' 
chamber  in  readiness  for  the  supercharge. 

From  the  above  brief  description  it  will  be  seen  that  the  cylinder 
is  alternately  scavenged  and  supercharged  by  means  of  the  air 
compressed  below  the  working  piston.  The  additional  air  provided 
in  this  manner  per  cycle  is  probably  about  40  per  cent.  The  super- 
charge air  can  be  measured  with  a  fair  degree  of  accuracy  and 
amounts  to  from  34  to  35  per  cent  of  the  total  cylinder  volume  ;" 
the  amount  added  due  to  the  scavenging  cannot  so  readily  be  assessed, 
but  is  probably  in  the  neighbourhood  of  5  per  cent. 

For  controlling  or  cutting  off  the  supercharge  a  movable  shutter 
is  provided,  surrounding  the  ports  in  the  cylinder  wall  in  such  a 
manner  that  they  can  be  partially  or  completely  closed.  In  the  latter- 
event  the  engine  runs  in  every  respect  as  a  normal  four-stroke  engine,; 
and  the  air  in  the  crosshead  chamber  is  alternately  compressed  and' 
expanded.  The  shutter  is  so  arranged  that  the  supercharge  can  be.' 
introduced  or  cut  off  instantaneously.  In  so  far  as  the  testing  gear' 
is  concerned  the  arrangements  are  almost  precisely  similar  to  those 
described  previously  in  relation  to  the  variable-compression  engine, 
except  that  the  carburettor  heating  is  effected  by  mean's  of  a  hand-: 
controlled  exhaust  jacket  and  there  is  no  magnetically-operated' 
revolution  recorder.  Since,  however,  the  supercharging  engine  has 
been  employed  almost  exclusively  for  investigating  the  problem 
relating  to  detonation,  these  refinements  have  not  been  found  neces-- 
sary.  In  an  engine  running  on  this  cycle  with  an  excess  of  air  always 
present  in  the  cylinder  the  mean  effective  pressure  varies  directly 
as  the  quantity  of  fuel  admitted  up  to  the  point  at  which  the  whole  of 
the  supercharge  air  is  saturated  ;  moreover,  maximum  efficiency  is 
maintained  over  a  very  wide  raage  of  mean  pressure.  In  this 
respect,  therefore,  the  supercharging  engine  showed  a  very  marked 
advantage  over  the  variable-compression  unit  in  which  the  mixture 
strength  for  maximum  efficiency  at  each  compression-ratio  had  to  be 
searched  for  in  every  instance.  By  increasing  the  quantity  of  fuel 
admitted  the  mean  effective  pressure  could  be  raised  in  direct 
proportion  until  a  point  was  suddenly  reached  at  which  violent 
detonation  was  set  up.  In  the  case  of  every  fuel  tested  which  came 
w-ithin  the  range  of  this  engine  the  mean  pressure  at  which  detonation 
suddenly  occurred  was  not  only  very  sharj)ly  defined  (to  within 
less  than  1  lb.  per  sq.  in.),  but  it  was  also  found  to  be  quite  extra- 
ordinarily consistent. 

This  engine  was  constructed  some  six  years  ago  for  a  totally 
different  purpose,  but  it  has  proved  invaluable  for  fuel  research.,- 
and  in  spite  of  its  age  and  the  very  rough  usage  to  which  continued- 
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detonation  experiments  must  subject  any  engine,  it  stood  up  to  its 
Mork  remarkably  well  for  a  ))eriod  ot  eighteen  months.  It  has  not 
quite  so  high  a  standard  of  mechanical  consistency  as  the  variable- 
compression  engine,  and  is  rather  more  sensitive  to  variations  in  oil 
temperature,  etc.;  but,  none  the  less,  its  performance  has  varied  by 
less  than  1 .5  per  cent  at  any  time  over  a  period  of  eighteen  months' 
hard  usage. 

^Miscellaneous  Engines. 

Apart  from  the  special  research  engines,  sam])les  of  many  of  the 
fuels  were  tested  in  other  engines  on  the  test  beds.  These  consisted 
of  two  or  three  experimental  engines  of  various  types,  permanently 
fitted  up  on  test  beds  for  general  research  work,  and  a  more  or  less 
floating  population  of  representative  engines  by  various  makers, 
undergoing  investigation  of  one  sort  or  another.  All  these  engines, 
Avhether  permanent  or  temporary,  were  direct-coupled  to  swinging- 
field  electric  dynamometers  and  fitted  with  means  for  recording 
both  the  power  and  economy  with  a  very  high  degree  of  accuracy. 
From  a  general  scientific  standpoint  the  results  obtained  from  a  large 
number  of  engines  of  widely  different  types  and  sizes  proved  extra- 
ordinarily interesting ;  but  in  so  far  as  the  fuel  problem  was  concerned 
they  yielded  little  or  no  information  which  could  not  be  obtained 
more  readily  and  more  accurately  on  the  special  research  engines. 
Each  engine,  of  course,  had  its  own  particular  characteristics  depend- 
ing upon  the  details  of  its  design — in  some  the  distribution  was  good, 
in  others  bad,  some  had  efficient  combustion  chambers,  others  the 
reverse,  some  detonated  even  with  a  very  low  compression,  while 
others  would  stand  a  high  compression  without  trace  of  detonation 
on  the  same  fuel.  Some  had  insufficient  heating  to  the  carburettors, 
others  excessive.  As  a  result  of  these  individual  characteristics  each 
engine  behaved  differently,  but  all  of  them  behaved  perfectly 
rationallv,  and,  once  their  idiosyncrasies  were  recognised  and  allowed 
for,  the  results  obtained  with  each  sample  of  fuel  could  be  predicted 
to  within  very  close  limits  from  the  experiments  on  the  research 
engines.  No  single  case  occurred  where  the  behaviour  of  a  fuel 
diflfered  as  between  that  in  one  of  the  research  engines  or  any  other 
engine,  when  the  characteristics  of  the  latter  were  taken  into  proper 
consideration. 

The  experiments,  however,  on  miscellaneoiis  engines  were  not 
"without  value,  for  they  indicated  that  the  results  obtained  in  the 
special  research  engines  could  be  relied  ujxtn  as  being  applicable 
to  any  other  type,  provided  the  varying  conditions  were  taken  into 
account,  while  they  afforded  generally  a  useful  check.  The  experi- 
ments on  standard  engines,  however,  would  have  been  of  little  or  no 
value  by  themselves  unless  run  in  parallel  with  those  on  the  special 
research  engines.    Without  the  latter  they  would  have  proved  frankly 


EMPIRE    MOTOR    FUELS    COMMITTEE    REPORT  73 

misleading  in  many  instances.  For  example,  before  any  accurate 
deductions  could  be  drawn  as  to  the  behaviour  of  any  particular 
fuel,  it  was  found  absolutely  essential  to  determine  definitely  and 
ijccurately  the  rate  of  heat-inp\it  to  the  carburettor,  for  upon  this 
•depends  not  only  the  degree  of  volatilisation,  but  also  the  volumetric 
efficiency,  and  therefore  the  power  output,  and  also  to  a  considerable 
extent  the  tendency  of  the  fuel  to  detonate.  In  all  ordinary  engines 
the  carburettor  and  indiiction  system  receive  heat  either  from  the 
water  circulation  or  from  the  exhaust  pipe.  In  neither  case  is  it 
possible  either  to  determine  the  amount  of  heat  so  received  or  even 
to  keep  the  amount  constant,  for  readings  of  temperature  either  of 
the  gas  in  the  induction  pipe  or  in  the  carburettor  proved  utterly 
unreliable,  and  were  of  value  only  when  the  rate  of  heat-input  also 
was  definitely  known.  It  has  been  shown  previously  that  the  rate 
of  heat-input  to  the  carburettor,  as  opposed  to  the  temperature  of 
•the  gases,  proved  to  be,  in  fact,  one  of  the  most  important  of  all  the 
controllijig  factors  in  the  behaviour  of  a  fuel. 

The  variation  in  the  tendency  to  detonate  as  between  different 
iormsof  combustion  chamber  was  especially  marked.  In  the  case 
of  "  A  "'  petrol,  for  example,  this  detonated  in  the  variable-compres- 
sion engine  at  a  compression-ratio  of  6  :  1.  In  the  case  of  several  of 
the  other  engines  it  detonated  at  ratios  below  5  :  1,  and  in  one 
extreme  instance  of  bad  combustion-chamber  design  it  actually 
detonated  with  a  compression-ratio  of  only  4.3  :  1.  This  particular 
engine  could  not  run  on  any  ordinary  petrol  on  full  load  without  the 
use  of  an  over-rich  mixture,  and  or  a  very  late  ignition  timing,  so 
that  its  fuel  consumption  on  most  grades  of  petrol  was  abnormally 
high,  and  it  could  onlv  be  run  at  a  reasonable  economy  on  petrols 
"A"and'-H."' 

Detoxatiox. 

Previous  experience  had  indicated  very  clearly  that,  not  only  was 
the  tendency  of  fuels  to  detonate  probably  by  far  the  most  important 
of  the  factors  controlling  the  power  output  and  efficiency  of  an 
internal  combustion  engine  of  the  explosion  type,  but  also,  that  the 
tendencv  to  detonate  varied  widely  as  between  different  fuels,  and 
was  likely  to  prove  much  the  most  important  factor  in  determining 
their  suitability  or  otherwise.  This  has  proved  to  be  the  case.  It 
was,  of  course,  common  knowledge  that  certain  brands  of  petrol 
<letonated  more  readily  than  others,  that  commercial  benzol  would 
not  detonate  under  any  circumstances  in  an  engine  of  normal  design, 
-and  that  the  addition  of  benzol  to  petrol  always  reduced  its  tendency 
to  detonate.  Beyond  this  little  was  definitely  known.  It  was 
decided,  therefore,  to  make  as  thorough  an  investigation  as  possible 
into  the  whole  phenomenon  of  detonation. 
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1. — Influence  of  Detonation  on  Efficiency. 

Before  dealing  with  the  influence  of  the  nature  of  the  fuel  upon, 
detonation,  it  will  be  well  to  consider  the  influence  of  detonation 
itself  upon  the  performance  of  an  engine. 

All  engines  using  volatile  liquid  fuels  operate  on  a  cycle  in  which 
a  combustible  mixture  of  fuel  and  air  is  drawn  into  the  cylinder, 
is  compressed,  ignited,  and  then  expanded  until  it  occupies  the  same 
volume  as  before  compression.  From  any  given  weight  of  niixture 
the  power  output  and  efficiency  obtainable  depend  upon  the  degree 
of  expansion,  and  since,  in  this  cycle,  the  ratios  of  compression  and 
expansion  are  equal,  it  follows  that  both  power  and  efficiency  are 
dependent  upon  the  ratio  of  compression.  Setting  aside  for  the  time 
being  such  questions  as  dissociation  at  high  temperatures,  change  of 
specific  heat  and  loss  of  heat  to  the  cylinder  walls,  all  of  which  reduce 
the  absolute  efficiency  obtainable,  but  which  do  not  alter  materiallv 
the  relationship  between  compression-ratio  and  efficiency,  we  find 
that  the  limiting  theoretical  efficiency  is  as  given  by  the  formula 

J?  =  1  —  I  -  y      ,  where  r  is  the   compression-ratio  and  y  is  the 

ratio  between  the  specific  heat  of  air  at  constant  pressure  and  at 
constant  volume. 

Fig.  7  shows  the  relationship  b.  tween  efficiency  and  compression 
over  the  range  from  3.5  :  1  up  to  7.5  :  1  according  to  this  formula, 
which  is  known  as  the  Air  Standard  Efficiency,  and  is  the  accepted 
basis  of  comparison. 

It  will  be  observed  that  the  air  standard  efficiency  rises  rapidl)'" 
at  first  as  the  compression-ratio  is  increased,  but  the  rate  of  gain 
in  efficiency  diminishes  considerably  with  the  higher  compression- 
ratios.  It  is  doubtful  whether,  but  for  exceptional  cases,  any  material 
advantage  would  be  obtained  from  the  use  of  a  compression-ratio- 
higher  than  7  :  1,  on  account  of  the  relatively  small  gain  in  efficiency 
obtainable  thereby,  and  the  very  high  maximum  pressures  involved. 
It  would  necessitate  a  considerable  increase  in  the  cost  and  weight 
of  the  engine  to  enable  it  to  withstand  these  high  pressures,  and 
an  increase,  also,  in  the  internal  friction  due  to  the  heavier  recipro-' 
eating  and  rotating  parts. 

The  compression-ratio  which  can  actually  be  employed  is  governed 
in  practice  by  the  tendency  of  the  working  fluid  to  detonate  underi 
the  high  pressure  and  temperature  of  compression. 

2. — The  Nature  of  Detonation. 

The  phenomenon  of  detonation  appears  to  be  substantially  as- 
follows.  When  a  mixture  of  hydrocarbon  vapour  and  air  is  com- 
pressed to  a  high  pressure  and  to  a  temperature  approaching  that 
of  its  self-ignition  temperature,  and  is  then  ignited  from  any  one 
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point,  the  flame  at  first  spreads  by  the  normal  process  of  com- 
bustion, compressing  before  it  the  unburnt  portion  of  the  charge. 
When  the  rise  in  temperature  of  the  unburnt  portion  due  to  com- 
pression by  the  burning  gases  exceeds  the  rate  of  heat  dissipatioa 
by  a  certain  margin,  spontaneous  ignition  of  the  former  takes  place, 
and  an  explosion  wave  is  set  up  which  strikes  the  walls  of  the  cylinder 
with  a  hammer-like  blow,  thus  causing  the  familiar  metallic  ring 
known  as  "  pinking  "  or  "  detonation.''  It  also  has  the  effect  of 
compressing  and  still  further  raising  the  temperature  of  the  portion 
first  ignited,  and  with  it  the  temperature  of  the  sparking-plugs  or 
other  partially  insulated  objects  in  their  immediate  vicinity.  If 
detonation  be  allowed  to  persist  it  will,  unless  it  be  very  slight, 
increase  in  severity  and  ultimately  raise  the  temperature  of  the  plug 
points  to  such  a  degree  as  to  cause  pre-ignition,  or  self-ignirion  of  the^ 
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Fig.    7. — Relation  between  the  air  standard  efficiency  and 
compression-ratio  :   (total  vokune  H-  clearance  voliune). 


charge,  during  compression  and  before  the  spark  has  passed  ;  this 
is  quite  a  distinct  phenomenon  and  must  not  be  confused  with 
detonation. 

It  will  be  seen  that  detonation  depends  upon  the  normal  rate  of 
burning  of  the  fuel,  and  occurs  only  when  the  rate  of  spread  of  flame 
is  appreciably  greater  than  the  rate  at  which  the  unburnt  portion 
can  get  rid  of  its  heat.  It  is  dependent  also  to  a  lesser  degree  upon 
a  number  of  other  factors  which  will  be  considered  shortly. 

Before  proceeding  further,  it  is  well  to  point  out  that  there  are 
several  stages  of  detonation,  depending  upon  how  far  the  normal 
spread  of  combustion  has  extended  through  the  mass  of  the  working 
fluid  before  spontaneous  ignition  occurs.  Detonation,  in  its  incipient 
stages,  is  sometimes  very  difficult  to  detect,  because  it  is  often 
unaccompanied  by  any  audible  noise,  but  rather  by  what  may  be 
termed  harsh  running. 
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3.     Tests  avith  an  Increasing  CoMrREssioN-RATio. 

Tlie  following  very  interesting  and  instructive  experiment  was 
frequently  carried  out. 

A  fuel  was  selected  which,  in  the  variable-compression  engine,  was 
known  to  detonate  with  a  comi^ression-ratio  of,  say,  5:1.  The 
compression  was  set  at,  sa}',  4:1,  and  the  engine  run  "  all  out  "  at 
a  constant  speed.  The  compression  was  then  gradually  increased, 
and  the  general  running  and  behaviour  of  the  engine  carefully 
watched.  As  the  com])ression-ratio  rose  gradually  from  4  to  about 
4.7,  the  2)owcr  output  would  rise  also  api)roximately  in  proportion 
to  the  air  standard  efficiency,  and  the  running  of  the  engine  generally 
would  be  smooth  and  silent,  with  very  little  A'ibration.  Between 
4.7  and  4.8  the  running  would  become  slightly  harsher  ;  from  4.8 
to  4.9  there  would  be  a  very  noticeable  increase  in  harshness, 
accom])anied  by  a  considerably  greater  volume  of  noise  and  a  marked 
increase  in  vibration,  v.^bile  at  5  :  1  the  first  audible  signs  of  detona- 
tion Avould  be  detected,  though  they  would  be  apjiarent  only  when 
ignition  was  fully  advanced  and  the  mixture  strength  also  was 
adjusted  to  give  maximum  possible  power. 

With  a  compression-ratio  of  5  :  1  the  engine  would  continue  to 
run  and  develop  its  maximum  power  for  an  indefinite  period,  but 
pinking  slightly  all  the  time.  If  the  compression-ratio  were  further 
raised  to  about  5.1  :  1  and  the  ignition  and  mixture  settings 
unaltered,  detonation  would  increase  in  severity  until,  after  about 
5  or  10  minutes,  pre-ignition  would  set  in,  and  the  power  would  fall 
off.  If,  however,  the  mixture  strength  were  increased  to  give  a 
slower  burning  mixture,  or  the  ignition  timing  retarded,  the  com- 
pression could  be  raised  considerably  higher,  even  to  as  high  as 
5.25  :  1  without  any  perceptible  detonation.  The  same  result 
could  also  be  obtained  by  reducing  the  mixture  strength,  though 
freedom  from  detonation  would  become  apparent  only  when  the 
strength  was  so  far  reduced  as  to  leave  very  little  range.  The  total 
available  range  of  mixture  strength  on  the  weak  side  is  very  narrow  in 
the  case  of  all  volatile  hydrocarbon  fuels,  so  narrow^  indeed  that  to 
attempt  to  escape  detonation  by  working  entirely  on  the  weak  side 
would  be  completely  out  of  the  question  in  any  practical  multi- 
cylinder  engine,  on  account  of  irregularities  in  distribution.  That 
it  is  possible  to  defer  detonation  by  working  between  these  very 
narrow  limits  is  only  what  might  be  expected  from  a  consideration 
of  the  factors  controlling  detonation.  This  condition  can  readily  be 
demonstrated  as  a  laboratory  experiment  on  a  single-cylinder  engine 
equipped  with  very  delicate  adjustments,  and  is  interesting  from 
a  scientific  point  of  view,  but  it  can  hardly  be  considered  to  be  applic- 
able in  practice. 

So  far  as  practical  considerations  are  concerned,  the  rate  of  burn- 
ing can  be  reduced,  and  at  the  same  time  stable  conditions  of  running 
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can  be  maintained,  only  by  working  on  the  rich  side  of  the  range. 
Under  these  conditions,  however,  the  power  output  and  economy 
would  cease  to  rise  with  increase  of  compression,  because  either  th'.^ 
time  of  ignition  or  the  mixture  strength  would  no  longer  be  the  most 
favourable.  By  further  enriching  the  mixture  and  retarding  the 
ignition,  the  compression  could  be  increased  to  as  high  as  5.4  :  1, 
but,  of  course,  only  at  great  sacrifice  of  economy.  The  power  and 
consumption  curves  obtained  from  such  a  test  are  shown  in  Fig.  8. 

4. — Highest  Useful  Compression-ratio. 

It  will  be  observed  that,  although  the  first  indications  of  detona- 
tion occurred  with  a  compression-ratio  of  about  4.75  :  1,  it  is 
possible  by  suitable  adjustments  of  the  mixture  strength  and  ignition 
timing  to  raise  the  compression  to  as  high  as  5.4  :  1  without  allow- 
ing the  detonation  to  become  so  severe  as  to  set  up  pre-ignition. 
Although  the  ])recise  compression  at  which  detonation  becomes 
serious  varies  with  different  mixture  strengths  or  ignition  timintr, 
the  compression  at  which  it  develops  with  the  most  efficient  mi.xture 
strength  and  ignition  timing  is  quite  clearly  defined,  and  that  to 
within  very  narrow  limits.  Thii  point,  namely,  the  compression  at 
which  detonation  first  becomes  audible  tvith  certain  definite  temperature 
conditions  and  with  both  the  ignition  and  mixture  strength  adjusted  to 
give  the  highest  efficiency,  is  taken  hereafter  as  representing  the  highest 
useful  compre^ision-ratio  for  any  fuel.  It  is  not  the  highest  compression 
which  can  he  employed,  but  the  highest  that  it  is  worth  n-hile  to  employ. 

It  is  necessary  to  emphasise  this  definition  very  clearly  because  it 
has  a  very  important  bearing  upon  what  follows,  and  largely  explains 
why  certain  fuels  or  mixtures  of  fuels  appear  to  give  more  power  and 
greater  efficiency  than  others  in  the  same  engine. 

The  explanation  of  this  is  evident  enough.  Most  engines  have 
already  too  high  a  compression  to  enable  them  to  run  efficiently  on 
many  or  even  most  of  the  brands  of  petrol  now  on  the  market,  with 
the  result  that  they  have  to  operate  witli  the  ignition  too  far  retarded 
and  the  mixture  too  rich.  On  changing  over  to  another  fuel  having 
a  higher  detonation  point,  it  at  once  becomes  possible  to  advance 
the  ignition  timing  and  correct  the  mixture  strength,  with  an  imme- 
diate gain  both  in  power  and  economy.  Had  the  same  two  brands 
of  petrol  been  tried  in  an  engine  with  a  lower  compression-ratio  no 
perceptible  difference  in  power  or  efficiency  would  have  been  observed. 
It  will  be  shown  later  that  when  various  fuels  are  compared  at  a  com- 
pression-ratio low  enought  to  permit  of  the  most  efficient  mixture 
strength  and  ignition  timing  being  used  in  each  case,  the  efficiency 
is  substantially  the  same  on  all  fuels.  liikewise  it  will  be  shown  that 
so  long  as  the  liquid  fuel  is  completely  evaporated  before  its  entry 
to  the  cylinder  the  power  output  also  is  substantially  the  same  for 
anv  fuel. 
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5. — Factors  Influencing  Detonation. 

Before  dealing  with  the  effect  of  the  composition  of  the  fuel  upon 
its  tendency  to  detonate,  it  Avill  be  well  to  consider  certain  other 
factors  which  influence  detonation. 

(a)  The  design  of  the  combustion  chamber  and  the  position  of  the 
sparking-plug  have  a  very  important  influence.  The  more  compact 
the  combustion  chamber,  and  the  more  central  the  position  of  the 
igniter,  the  less  w^ill  be  the  tendency  to  detonate.  For  it  is  clear  that 
with  a  compact  combustion  chamber  there  is  less  danger  of  any 
unburnt  portion  of  the  gas  becoming  stagnant  and  therefore  unable 
to  give  up  its  heat  at  a  greater  rate  than  it  is  generated  by  com- 
pression due  to  the  burning  portion  of  the  working  fluid.  Again, 
it  is  clear  that  the  sparking-plug  should  be  as  nearly  as  possible  in 
the  centre  of  the  combustion  space,  in  order  to  reduce  as  far  as  possible 
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Fig.  8. — Variation  in  mean  effective  pressure  and  thermal  efficiency 
•with  different   compression -ratios   for  a   fuel   detonating  normally 
at  a  compression-ratio  of  5.0  :    1. 


the  distance  the  flame  has  to  travel.  With  the  exception  of  sleeve- 
valve  engines,  it  is  usually  impracticable  to  place  the  sparking-plug 
in  the  centre  of  the  combustion  space,  and  the  question  therefore 
arises  as  to  the  best  position  for  it.  Consideration  will  show  that  if 
the  gases  must  be  ignited  from  one  side  of  the  combustion  chamber, 
the  sparking-plug  should  be  placed  on  the  hottest  side,  that  is  to 
say,  on  the  side  nearest  the  exhaust  valve,  so  that  the  unburnt 
^ases  are  compressed  against  the  coolest  surfaces,  and  can  therefore 
get  rid  of  their  heat  the  more  rapidly.  When  the  sparking-plug 
cannot  be  fitted  centrally  in  the  head  it  is  clearly  preferable  to  pro- 
vide two  plugs  at  opposite  sides,  so  that  the  spread  of  flame  takes 
place  from  two  opposite  points  and  has  only  about  half  the  flistance 
to  travel.  The  use  of  two  plugs  is,  however,  of  little  value  unless 
the  time  of  passage  of  the  spark  across  both  is  perfectly  synchronised. 
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(6)  Turbulence. — -The  greater  the  degree  of  turbulence  within  the 
<;ombustiou  chamber  the  better,  since  turbulence  tends  to  spread 
and  distribute  the  flame  uniformly  throughout  the  working  fluid  and 
so  reduces  the  danger  of  portions  of  it  being  entrapped  and  detonated. 
From  the  point  of  view  of  detonation  the  worst  possible  condition 
is  reached  when  the  exhaust  valve  is  fitted  in  a  side  pocket  in  which 
the  mixture  may  become  more  or  less  stagnant,  and  the  igniter  fitted 
at  the  opposite  side  of  the  combustion  chamber.  In  such  a  design 
(and  it  is  not  an  uncommon  one)  a  portion  of  the  working  fluid  will 
be  entrapped  in  a  position  ideal  for  detonation,  where  the  bulk  of 
the  surface  to  which  it  can  impart  its  heat  is  made  up  of  a  hot 
exhaust-valve  head  and,  generally,  an  uncooled  plug  for  the  removal 
of  the  valve.  Under  these  conditions  detonation  will  occur  very 
readily,  but  it  may  not  so  readily  develop  into  pre-ignition,  because 
the  sparking-plug  may  have  very  good  facilities  for  getting  rid  of  its 
heat,  and  the  points  are  not  so  readily  overheated  by  the  return 
wave. 

(c)  Speed  of  Rotation. — It  is,  of  course,  common  knowledge  that 
the  tendency  to  detonate  varies  with  the  speed  of  rotation,  and  indeed 
this  is  only  what  might  be  expected,  for  the  lower  the  speed,  the  less 
the  turbulence.  As  the  speed  is  reduced,  not  only  is  the  velocity  of 
entrance  reduced  in  the  same  proportion,  but  the  time  during  which 
turbulence  may  die  down  is  correspondingly  prolonged.  Again, 
although  the  mean  temperature  of  the  working  fluid  at  the  end  of 
the  compression  is,  no  doubt,  somewhat  lower  at  low  speeds,  yet  the 
temperature  of  the  surface  of  the  combustion  chamber  necessarily 
varies  very  considerably,  and  this,  coupled  with  the  lack  of  turbu- 
lence, results  in  the  formation  of  local  zones  of  gas,  in  the  neighbour- 
hood of  the  exhaust  valve  for  example,  of  much  higher  temperature 
than  the  average,  and  Avhich  may  in  fact  attain  a  temperature 
approaching  very  nearly  to  the  self-ignition  temperature  of  the  fuel. 
The  existence  of  these  hot  zones  coupled  with  a  condition  of  general 
stagnation  naturally  predisposes  the  very  conditions  favourable 
to  the  development  of  detonation. 

(d)  Effect  of  Temperature  npon  Detonation. — Since  detonation  is 
brought  about  by  the  compression  of  some  portion  of  the  working 
fluid  to  a  temperature  in  excess  of  its  self-ignition  temperature,  it 
follows  that  for  any  given  normal  rate  of  burning,  the  higher  the 
temperature  of  the  working  fluid  the  greater  will  be  its  tendency  to 
detonate,  since  the  rise  of  temperature  required  to  produce  spon- 
taneous combustion  is  correspondingly  less. 

(e)  Effect  of  Pressure  upon  Detonation . — Apart  from  the  composition 
of  the  fuel,  the  pressure  of  compression  appears  to  be  by  far  the 
most  important  factor  controlling  detonation.  It  appears  that 
the  normal  rate  of  flame  propagation  prior  to  the  formation  of  an 
explosion  wave  bears  some  direct  relation  to  the  pressure  of  the  gases, 
the  explanation  presumably  being  that  under  high  pressure  the  fuel 
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and  air  are  in  more  intimate  contact,  and  therefore  each  partich^  of 
fuel  can  the  more  readily  find  the  oxygen  necessary  for  its  com- 
bustion. It  Avill  be  shown  later  that  the  jjressure  of  compression 
was  found  to  play  relatively  a  considerably  more  important  part 
than  the  temperature  of  the  gases  at  tlie  end  of  the  compression.* 

6. — The  Supercharging  Engine. 

For  the  investigations  into  the  relationship  between  the  com- 
position of  the  fuel  and  the  tendency  to  detonation  both  the  research 
engines  referred  to  previously  were  employed.  In  this  connection 
the  supercharging  engine  working  with  a  stratified  charge  proved 
particularly  valuable.  This  engine  was,  for  the  purpose  of  these  tests, 
fitted  with  a  piston  giving  a  normal  compression-ratio  of  5.18  :  1, 
corresponding  to  a  compression-pressure  of  116  lb.  per  sq.  in.  (gauge). 
AVhen  desired,  additional  air,  compressed  below  the  piston,  could  be 
admitted  to  the  cylinder  after  the  completion  of  the  suction  stroke 
through  ports  cut  near  the  bottom  of  the  cylinder  barrel,  thus  raising 
the  compression-pressure  to  approximately  155  lb.  per  sq.  in.  Before 
entering  the  cylinders  the  air — compressed  to  a  pressure  of  9  lb.  per 
sq.  in. — is  forced  to  pass  through  an  intercooler  by  means  of  which 
it  is  cooled  down  to  a  temperature  aj^proximating  that  of  the  cylinder 
contents.  It  will  be  seen,  therefore;  that  when  the  supercharge  is 
admitted  by  opening  the  ports  in  the  cylinder  wall,  the  pressure  of 
compression  is  raised  by  approximately  35  per  cent,  but.  since  the 
ratio  of  compression  is  unaltered,  the  temperature  is  unchanged. 
By  this  means,  therefore,  it  became  possible  to  raise  the  compression- 
pressure  without  raising  its  temperature  appreciably. 

By  admitting  the  air  supercharge  through  ports  near  the  bottom 
of  the  cylinder  and  by  suitable  formation  of  the  ports  and  the  head, 
of  the  piston,  it  was  found  possible  so  to  separate  the  active  working 
fluid  and  the  air  that  they  did  not  completely  mix  during  the  com- 
pression stroke,  and  by  this  means  the  presence  of  a  considerable 
excess  of  air  over  that  required  for  complete  combustion  could 
always  be  assured,  thus  permitting  what  is  not  obtainable  in  an 
ordinary  engine,  namely,  a  very  wide  range  of  mixture  strength  over 
which  combustion  was  complete.  In  the  supercharging  engine, 
therefore,  two  variables,  always  present  in  any  normal  type  of 
engine,  were  almost  eliminated,  namely,  the  temperature  of  com- 
pression and  the  mixture  strength.  Thanks  to  the  absence  of  these 
two  variable  factors  it  was  found  possible  to  arrive  at  the  detonation 
point  of  any  fuel  not  only  very  quickly,  but  also  with  a  very  high 
degree  of  accuracy. 

*  For  later  results  see  Proc.  X.E.  Coast  lust,  of  E.  and  S.,  "  The  Cause;* 
of  Detonatiou  in  luternal  Combustion  Engines,"  by  Tizard,  May.  1921, 
and  Prop.  R.  Aeronautical  Society,  "  Thermodynamics  of  Aero  Engines," 
by  Ricardo,  Nov..  1924. 
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To  attempt  to  analyse  fully  the  process  of  combustion  in  such  an 
engine  is  bevond  the  scope  of  this  report,  but  it  is  sufficient  to  state 
that  this  method  afforded  a  means  of  comparing  the  detonation 
points  of  various  fuels  under  strictly  comparable  conditions,  and 
with  great  readiness  and  fair  precision.  It  is,  however,  open  to  the 
obvious  objection  that  it  does  not  afford  any  means  of  expressing 
the  detonation  point  in  terms  of  compression-ratio,  which,  of  course, 
is  the  practical  issue  ;  this  deficiency  was,  however,  met  by  means 
of  check  tests  in  the  variable-compression  engine. 

In  the  case  of  the  variable-compression  engine  the  actual  com- 
pression-ratio at  which  detonation  first  became  apparent  could  be 
found  by  gradually  raising  the  compression.  Since,  however,  the 
tendency  to  detonate  depends  largely  upon  the  mixture  strength, 
it  was  always  necessary  to  ensure,  by  making  fuel-consumption 
tests,  that  the  correct  mixture  had  been  found,  and  in  view  of  the 
fact  that  for  every  fuel  tested  a  different  carburettor  adjustment 
had  to  be  found,  it  will  readily  be  realised  that  the  detonation  point 
could  not  be  determined  so  quickly  or  with  quite  such  precision  as  in 
the  supercharging  engine.  Also  in  the  variable-compression  engine, 
probably  owing  to  its  more  rigid  construction,  detonation  was  less 
easily  detected. 

7. — Testixg  Procedure. 

The  procedure  adopted  in  nearly  every  case  was  first  to  test  each 
fuel  against  the  standard  fuel  in  the  supercharging  engine,  and  so 
determine  its  detonation  point  in  relation  to  that  of  the  standard, 
the  detonation  point  as  found  on  this  engine  being  expressed  in 
terms  of  the  indicated  mean  pressure  at  which  detonation  became 
apparent.  The  same  samples  were  then  tested  in  the  variable- 
compression  engine  and  a  definite  relationship  established  between 
the  mean  pressure  at  which  detonation  occurred  in  the  super- 
charging engine,  and  the  corresponding  compression-ratio  in  the 
variable-compression  engine.  With  one  or  two  notable  exceptions 
the  results  tallied  reasonably  closely,  so  that  once  the  relative 
detonation  point  of  any  fuel  had  been  determined  in  the  super- 
charging engine,  the  highest  useful  compression-ratio  for  that  fuel 
could  be  predicted  fairly  closely.  There  were,  however,  one  or  two- 
exceptions  to  this  rule,  and  in  the  case  of  these  exceptions  it  nmst 
be  assumed  that  the  relative  influence  of  temperature  and  pressure 
upon  the  tendency  to  detonate  differed  from  that  of  the  majority. 

In  view  of  the  influence  both  of  speed  of  rotation  and  of  tempera- 
ture upon  the  tendency  to  detonate,  great  care  was  taken  to  ensure 
that  the  same  temperature  conditions  prevailed  in  both  engines. 
and  that  the  speed  of  rotation  was  always  the  same. 

In  all,  many  hundreds  of  tests  of  the  nature  described  above  were 
carried  out.  Not  only  were  samples  of  practically  all  the  brands  of 
commercial  petrol  and  benzol  tested  but  also  nearly  pure  samples 
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of  several  members  of  each  of  tlie  series  comprised  in  petrol  including 
various  sulphur  compounds,  also  alcohol,  acetone,  acetylene,  ether, 
t-tc,  were  investigated. 

8. — Detonation  with  Various  Fuels. 

In  the  case  of  ethyl-alcohol,  acetone,  toluene  and  xylene,  it  was 
found  quite  impossible  to  induce  detonation  under  any  circumstances 
in  cither  engine.  The  relative  detonation  point,  however,  of  these 
fuels  could  be  determined  by  preparing  mixtures  of  each  of  them  with 
the  standard  aromatic  free  petrol  or  with  hexane.  It  v/as  found 
that,  in  all  cases,  the  detonation  point  of  such  mixtures  followed  a 
straight  law  Avhen  the  mixture  was  api^ortioned  by  weight  and  not 
by  volume  ;  that  is  to  say,  the  addition  of  40  per  cent  by  weight  of, 
say,  toluene  to  hexane  would  raise  the  detonation  point  exactly 
four  times  as  much  as  the  addition  of  10  per  cent.  One  interesting 
point  was  repeatedly  observed.  When  benzene  and  certain  other 
fuels  also  were  tested  alone  in  the  variable-compression  engine  and 
•attempts  made  to  induce  detonation  by  raising  the  compression, 
occasional  pre-ignition  would  occur  when  the  compression-ratio 
t'xceeded  7:1,  these  pre-ignitions  being  denoted  by  a  dull  thud 
and  an  immediate  drop  in  speed  and  power.  It  would  appear, 
therefore,  that  such  fuels,  when  used  pure,  pre-ignite  without  pre- 
liminary detonation,  but  the  addition  of  a  comparatively  small  pro- 
portion of  paraffins  would  induce  preliminary  detonation  at  high 
■compression-ratios.  The  same  applies  also  to  the  naphthenes, 
methyl  alcohol,  methylated  spirits,  and  one  or  two  others. 

Table  II.,  p.  144,  gives  the  detonation  point  as  found  in  both  the 
xariable-compression  and  supercharging  engines. 

In  Fig.  9  is  shown  the  variation  in  mean  pressure  and  efficiency 
with  compression-ratio  as  found  by  actual  experiments  on  the 
variable-compression  engin'e.  These  curves  represent  the  mean  of 
a.  great  number  of  tests  carried  out  on  a  large  number  of  different 
fuels,  and  since  in  no  case  did  the  results  vary  by  more  than  1  per 
cent  the  accuracy  of  the  mean  result  may  bt  accepted  as  being  of 
-a  high  order.  It  is  very  important  to  note  that  the  relationship 
between  power  output  (expressed  in  terms  of  indicated  mean 
pressure)  and  economy  (expressed  in  terms  of  indicated  thermal 
efficiency),  and  compression-ratio  was  found  to  be  the  same  for  all 
fuels.  Examination  of  these  results  will  reveal  that  the  inter- 
relationship between  power  output  and  thermal  efficiency  varies 
at  different  compressions.  This  can  be  partially,  but  not,  in  the 
author's  opinion,  wholly,  explained  by  certain  investigations  which 
will  be  dealt  with  later  on. 

9. — Efficiency,  Power  and  Toluene  Value. 

In  Table  II.  are  given  the  efficiency  and  power  output  obtainable 
irom  many  different  relatively  pure  samples,  and  also  a  number  of 
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composite  fuels.  As  already  explained,  it  is  improbable  that  it  will 
ever  be  ■worth  while  to  employ  a  compression-ratio  in  excess  of 
7  :  1,  and  the  efficiency  corresponding  to  this  compression-ratio  has 
been  taken  as  100.  It  is  Avell  to  bear  in  mind,  however,  that  toluene, 
Ji;ylene,  alcohol,  and  one  or  two  others  will,  in  fact,  withstand  a 
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Pig.  9. — -Variation  in  indicated  M.E.P.  and  indicated  thermal 
•efficiency  with  different  compression-ratios  for  a  fuel  not  detonating 
below  a  ratio  of  7:1   (say  for  toluene)  in  tlie  variable -compression 

engine. 

•considerably  higher  compression  without  detonation.  Prior  to  the 
investigations  on  ethyl  alcohol,  and  the  members  of  its  group,  the 
highest  detonation  point  observed  was  that  of  toluene,  and  it  was 
therefore  decided,  for  the  sake  of  convenience,  to  express  the  tendency 
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Pig.  10. — Relation  between  toluene  value  and  compression-ratio  in 
the  variable-compression  engine. 

■of  fuels  to  detonate  in  terms  of  their  equivalent  toluene  content. 

This  value  will  in  future  be  termed  the  "  toluene  value  "  of  the  fuel. 

With  the  exception  of  alcohol  and  the  members  of  its  group,  the 

-efficiency  obtainable  with  all  fuels  appears  to  be  the  same  at  the 
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same  compression-ratio  to  within  less  than  :':  0.5  per  cent.  Since 
the  toluene  value  defines  the  compression-ratio  wliich  mav  be  used, 
it  forms  a  definite  and  precise  measure  of  the  efficiency  obtainable 
from  any  fuel  when  used  at  its  most  efficient  compression-ratio. 
The  curve  in  Fig.  10  shows  the  observed  relationship  between  toluene 
value  and  compression-ratio,  and  Fig.  11  the  observed  relationship 
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Fig.   11. 


-Relation   between   toluene  value    and   indicated   thermal 
efficiency  iu  variable-compression  engine. 


between  toluene  value  and  efficiency,  while  Fig.  12  shows  the  rela- 
tionship between  toluene  value  and  indicated  mean  effective  pres- 
sure or  power  output.  The  curves  shown  in  Figs.  10  and  11  are 
strictly  applicable  to  all  fuels  outside  the  alcohol  group,  and  with 
but  very  slight  amendment  to  that  group  also.  The  relationship 
between  toluene  value  and  indicated  mean  pressure  assumes  that  all 
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FiCi.  12. — Relation  between  toluene  value  and  indicated  mean 
effective  pressure  in  variable-compression  engine. 

fuels  have  the  same  total  internal  energy  ])qt  unit  volume  of  mix- 
ture, which  is  very  nearly,  but  not  strictly,  true.  This  subject  will, 
however,  be  dealt  with  when  discussing  the  maxinmm  power  output 
obtainable  from  different  fuels. 

Table  II.  also  gives  the  toluene  value  for  a  large  number  of  difEer- 
ent  samples  and  composite  fuels.     Reference  to  this  Table  will  show 
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that,  of  the  aromatic  group,  benzene  is  markedly  inferior  to  toluene 
in  checking  detonation,  while  xylene  occupies  a  position  inter- 
mediate between  the  two.  Ethyl  alcohol  is  by  far  the  most  effective 
of  all.  With  the  exception  of  ether  and  acetylene,  the  members  of 
the  paraffin  series  are  the  worst,  and,  generally  speaking,  their 
tendency  to  detonate  increases  with  increase  of  molecular  weight. 
In  the  estimates  of  toluene  values,  the  standard  aromatic  free  petrol 
is  taken  as  zero,  and  toluene  as  100  per  cent. 

Possibly  it  would  have  been  better  to  have  selected  either  a  pure 
paraffin  fraction  or  a  range  of  pure  paraffins  as  a  zero  standard,  but 
neither  of  these  were  procurable  either  in  sufficient  quantity  or  of  a 
sufficient  degree  of  purity  for  the  purpose.  It  must  be  borne  in  mind 
when  making  comparisons  that,  although  the  aromatic  free  petrol 
contains  less  than  2  per  cent  of  aromatics,  it  does,  nevertheless, 
contain  a  substantial  proportion — about  35  per  cent — of  naphthenes, 
and  that  these  have  a  positive  toluene  value  of  about  25  per  cent. 
If  a  fuel  consisting  of  a  similar  range  of  j^araffins  only  had  been 
selected  as  forming  a  datum  line,  then  the  aromatic  free  petrol  would 
have  a  positive  toluene  value  of  about  10  per  cent.  The  standard 
aromatic  free  petrol  was  selected  because  it  was  available  in  very 
large  quantities,  and,  the  whole  bulk  of  it  having  been  prepared  at 
one  operation,  its  consistency  could  be  relied  upon  as  being  uniform 
—a  very  important  factor  in  the  case  of  a  fuel  used  throughout  as  a 
standard  basis  for  comparison. 

Ether  and  acetylene,  and  the  heavier  paraffins,  have,  therefore, 
minus  values,  while  hexane  (a  very  light  paraffin)  has  a  very  slightly 
positive  value.  In  the  case  of  the  paraffin  series  it  was  found  difficult 
to  determine  the  detonation  point  of  the  heavier  members  of  the 
group,  partly  because  these  could  not  be  isolated  in  sufficient  quan- 
tities or  of  a  sufficient  degree  of  purity  for  the  purpose,  and  partly 
because  a  considerable  amount  of  heat  had  to  be  added  in  order 
sufficiently  to  vaporise  them. 

There  was,  however,  considerable  evidence  to  show  that  the 
toluene  value  falls  as  the  molecular  weight  increases.  Small  quan- 
tities of  heptane  of  a  very  high  degree  of  purity  were  eventually 
obtained,  and  it  is  hoped  that  sufficient  supplies  of  both  octane  and 
nonane  may  eventually  be  procured.  The  results  obtained  on  heptane 
were  as  interesting  as  they  were  surprising,  for,  contrary  to  all 
expectations,  not  only  did  this  fuel  detonate  far  more  readily  than 
the  aromatic  free  petrol  of  which  it  forms  one  of  the  relatively  lighter 
constituents,  but  when  used  pure  it  detonated  with  a  compression- 
ratio  of  only  3.75  :  1,  and  when  mixed  with  hexane,  even  in  quite 
small  quantities,  it  increased  the  tendency  of  the  latter  to  detonate. 

Experiments  on  the  variable-compression  engine  showed  that 
heptane  had  a  negative  toluene  value  of  minus  37  per  cent.  The 
particular  sample  of  heptane  with  which  the  experiments  were  con- 
<lucted  was  of  a  vegetable  origin.    Before  any  tests  were  run  it  was 
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very  carefully  analysed,  and,  but  for  a  small  proportion,  about 
3  per  cent  of  turpenes,  was  found  to  be  remarkably  pure.  The  results, 
obtained  were  so  unexpected  tliat  suspicions  were  aroused  as  to  the 
possible  influence  of  the  presence  of  turpenes.  Experiments  with 
mixtures  of  petrol  and  turpentine,  however,  showed  that  the  addition 
of  turpentine  served  to  reduce  the  tendency  to  detonate.  Finally, 
the  remainder  of  the  heptane  was  eventually  almost  completely 
freed  from  turpenes,  and  its  purity  raised  to  over  99.5  per  cent ;. 
but,  even  so,  its  behaviour  was  not  influenced  to  any  perceptible 
degree. 

The  quite  remarkable  dift'erence  observed  between  the  behaviour 
of  hexane  and  heptane,  two  contiguous  members  of  the  same  series, 
emphasises  very  strongly  the  necessity  for  taking  nothing  for 
granted,  and  for  investigating,  individually,  the  behaviour  of  each 
member  of  a  series  ;  moreover,  there  is  reason  to  believe  that  certain 
other  members  of  the  paraffin  series  behave  in  the  same  erratic 
manner. 

In  this  connection  it  may  l)e  of  interest  to  note  that  a  sample  of 
commercial  kerosene,  consisting  mainly  of  heavy  paraffin  fractions, 
detonated  at  a  compression-ratio  of  4 . 2  :  1 .  This  is  equivalent  to  a 
toluene  value  of  minus  22  per  cent.  Under  the  same  conditions  of 
heating  the  toluene  value  of  hexane  was  found  to  be  plus  8  per  cent 
and  of  pure  heptane  to  be  minus  37  per  cent.  However,  in  spite 
of  the  above,  and  possibly  other  notable  exceptions,  there  is  some 
evidence  to  show  that  as  a  general  rule  the  heavier  members  of  the 
paraffin  series  detonate  more  readily  than  the  light  ones.  Ap])lied 
to  this  series,  and  to  this  series  alone,  the  accepted  specification, 
based  on  boiling  points,  affords  a  very  approximate  indication  of  the 
quality  of  the  fuel ;  but  when  only  a  small  percentage  of  aromatics 
or  even  naphthenes  is  present,  the  position  is  entirely  reversed,  and 
the  whole  basis  of  the  accepted  specification  at  once  falls  to  the 
ground. 

1. — Relative    Importaxce  of  Compression-Temperature    ast> 

Pressure. 

In  order  to  establish  definitely  the  relative  importance  of  tem- 
perature and  pressure  at  the  end  of  compression  upon  the  tendency 
to  detonate,  hexane  was  evaporated  in  a  small  steam  boiler  and 
admitted  to  the  carburettor.  The  temperature  of  the  entering  gases 
was  then  controlled  by  means  of  the  electric  heater  fitted  in  the 
carburettor  air  intake  passage.  When  working  in  this  manner  it 
was  found  that  the  compression-ratio  could  be  raised  by  0.1  for 
every  10  degrees  C.  drop  in  temperature  from  70"  C.  to  30"  C,  the 
corresponding  ratios  being  from  4.8  :  1  up  to  5.2  :  1. 

This  test  is  imjiortant,  because  it  establishes  a  definite  relationship 
between  the  tem]ierature  of  the  charge  and  its  tendency  to  detonate. 
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Nor  is  the  issue  confused  by  any  question  of  a  further  drop  in  tem- 
perature after  entry  to  the  cylinder  due  to  the  latent  heat  of  un- 
evaporated  liquid.  So  long  as  no  evaporation  takes  place  within 
the  cylinder  the  temperature  of  compression  at  any  given  speed — ■ 
and  cylinder  temperature  will  always  bear  a  definite  relationship 
to  the  temperature  of  the  entering  fluid  over  the  range  of  compression- 
ratio  explored — the  final  compression  (absolute)-temperature  may 
be  taken  as  approximately  1.7  times  the  absolute  temperature  at 
the  commencement. 

Thus  an  increase  in  the  temperature  of  compression  of  17  degrees  C. 
necessitated  a  drop  in  the  compression-ratio  of  0.1. 

If,  as  is  generally  supposed,  detonation  were  a  function  of  tem- 
perature alone,  then  the  variation  in  compression-ratio  corresponding 
to  the  variation  in  inlet  temperature  would  have  been  nearly  five 
times  as  great,  for  the  difference  between  the  final  compression- 
temperatures  at  compression-ratios  of  5  :  1  and  of  6  :  1  is  only 
38  degrees  C.  if  the  inlet  temperature  is  constant. 

These  direct,  and  other  less  direct,  experiments  all  confirm  the 
statement  made  previously  that  the  detonation  point  of  a  lael  is 
more  closely  dependent  upon  compression-pressure  than  upon  com- 
pression-temperature . 

2. — Relationship  Between  Dt-tonatiox  Point  and 
Spontaneous-ignition  Temperature. 

It  has  generally  been  assumed  that  the  detonation  point  ot  a  fuel 
would  be  dependent  upon  its  spontaneous-ignition  temperature 
as  determined  in  air  or  oxygen.  While,  broadly  speaking,  the  results 
showed  that  the  temperature  of  spontaneous  ignition  of  a  fuel  might 
be  taken  as  a  very  approximate  indication  of  its  tendency  to  detonate, 
it  was  found  to  be  quite  unsafe  to  rely  upon  this  relationship. 

Table  II.  shows  the  compression-ratio  at  which  certain  samples 
were  found  just  to  detonate.  The  temperature  of  spontaneous 
ignition,  in  air  and  oxygen  at  atmospheric  pressure,  as  determined 
by  Mr.  Harold  Moore,  is  shown  in  Table  IV.,  p.  148. 

If  detonation  were  a  function  of  compression-temperature  alone,, 
then  a  closer  relationship  might  be  looked  for  between  the  tempera- 
ture at  which  detonation  commenced  and  the  temperature  of  self- 
ignition  as  determined  by  Moore's  apparatus.  In  any  event, 
however,  the  conditions  obtaining  in  an  engine  cylinder,  in  which 
the  gases  are  in  a  state  of  violent  turbulence,  are  very  different 
from  those  under  which  the  tests  for  spontaneous  ignition  were 
carried  out. 

It  seemed  probable  that  the  temperature  of  spontaneous  ignition 
of  a  fuel  would  form  a  tolerably  true  indication  of  its  readiness  to 
pre-ignite,  as  distinct  from  the  tendency  to  detonate.  This  seemed 
to  be  borne  out  in  the  case  of  those  fuels  wliich  pre-ignite  without 
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preliminary  detonation,  such  as  the  members  of  the  aromatic  series, 
methyl  alcohol,  etc.,  but  the  following  experiments  ^^•ith  mixtures  of 
the  paraffin  series  and  carbon  bisulphide  tended  to  corroborate 
this  theory.  Experiments  on  the  self-ignition  temperature  of  carbon 
bisulphide  when  ignited  as  a  .stagnant  mixture  by  adiabatic  com- 
pression showed  that  this  fuel  would  ignite  spontaneously  at  a  tem- 
perature of  about  275°  C.  AVhen  this  fuel  was  tested  alone  in  the 
variable-compres-sion  engine  heavy  jDre-ignition  occurred  at  the 
lowest  compression-ratio,  and  at  the  lowest  inlet  and  water  tem- 
perature, with  the  result  that  it  could  not  be  used  at  all. 

The  pre-ignition  was,  however,  unaccompanied  by  any  trace 
of  detonation.  AVhen  carbon  bisulphide  was  mixed  with  aromatic 
free  petrol  in  proportions  up  to  and  even  exceeding  50  per  cent, 
it  was  found  to  raise  the  detonation  point  as  compared  with  that  of 
the  petrol  alone.  A  mixture  of  aromatic  free  petrol  and  carbon 
bisulphide  in  equal  parts  was  found  to  detonate  with  a  compression- 
ratio  of  5.15  :  1,  w^hile  pure  aromatic  free  petrol  detonated  at  a 
compres.sion-ratio  of  4.85  :  1.  So  far.  therefore,  as  detonation  is 
concerned,  carbon  bisulphide  may  be  said  to  have  a  positive  toluene 
value  of  about  18  per  cent.  When  running  with  such  a  mixture  at 
a  comj^ression-ratio  of  5.15  :  1  there  was  no  trace  of  pre-ignition, 
and  it  was  not  until  the  proportion  of  aromatic  free  petrol  was  still 
further  reduced  that  pre-ignition  first  became  apparent. 

The  inference  to  be  drawn  from  these  experiments  is  that  carbon 
bisulphide,  while  pre-igniting  very  readily,  wall  not  detonate,  whereas 
any  paraffin  petrol  will  detonate,  but  will  not  readily  pre-ignite. 
Tests  carried  out  on  the  special  machine  designed  for  ascertaining 
the  self-ignition  temperature  of  fuels  when  ignited  by  adiabatic 
compression  .showed  that  carbon  bisulphide  ignited  under  compres- 
sion at  a  gauge  pressure  of  about  185  lb.  ])ev  sq.  in.  and  a  compression- 
temperature  of  about  275'  C,  while  the  aromatic  free  petrol  ignited 
under  the  same  conditions  at  a  gauge  pressure  of  320  lb.  per  sq.  in. 
and  at  a  temperature  of  353°  C.  The  initial  temperatures  before 
compression  were  15.0^  C.  and  15.6°  0.  respectively. 

In  the  case  of  those  fuels  which  pre-ignite  without  preliminary 
detonation,  it  was  found  very  difficult  indeed  to  determine  the  pre- 
ignition  point,  because,  in  practice,  this  clearly  depends  largely 
upon  the  temperature  of  the  exhaust  valves,  sparking-j^lug  electrodes 
and  other  insulated  parts  within  the  combustion  chamber.  As 
might  be  expected,  variations  in  the  design,  or  even  in  the  condition 
of  the  sparking-plug,  exerted  so  great  an  influence  upon  the  tendency 
of  the  fuel  to  pre-ignite  as  to  render  anything  more  than  a  very 
approximate  determination  impossible. 

It  is  hoped,  later  on*,  that  the  results  of  tests  of  the  spontaneous 
ignition  temperature  and  pressure,   when   both  temperature  and 

*  See  "  The  Causes  of  Detonation  in  Internal  Combustion  Engines,'' 
by  Tizard,  loc.  cit. 
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pressure   are   raised   by  the  adiabatic  compression   of  a   stagnant 

mixture,  will  be  sufficiently  advanced  to  enable  them  to  be  fully 

■dealt  with,  and  their  relation  to  the  detonation  point  shown. 

It  may  be  argued  from  the  test  results  given  that  so  far  as  existing 

•engines  are  concerned,  no  advantage  would  be  obtained  from  the 

use  of  a  fuel  of  high  toluene  value,  because  verv  few  engines,  other 

.  .  .        '  ^   . 

than  aircraft,  have  a  compression-ratio  as  high  as  5  :  1,  which  in  the 

variable-compression  engine  requires  a  toluene  value  of  only  5  per 

■cent. 

It  must  be  remembered,  however,  that  in  this  engine  every  effort 
has  been  made  to  reduce  detonation.  The  form  of  the  combustion 
«pace  is  the  most  efficient  practically  obtainable  ;  the  charge  is 
ignited  from  two  points  at  opposite  sides  of  the  combustion  chamber, 
and  the  time  of  the  passage  of  the  spark  perfectly  synchronised  ; 
turbulence  of  the  charge  in  the  cylinder  is  at  a  maximum,  and  there 
are  no  pockets  or  recesses  where  unburnt  gas  can  become  entrapped 
and  detonated. 

Finally,  all  comparative  tests  were  run  at  a  speed  of  1500  revs, 
per  minute,  corresponding  to  a  piston  speed  of  2000ft.  per  minute. 

3. — ToLUEXE  Value  Required  for  Commercial  Spirit. 

In  the  ordinary  car  or  commercial- vehicle  engine  these  ideal  con- 
ditions do  not  apply,  but,  on  the  contrary,  the  combustion  chambers 
^re  in  many  cases  so  designed  as  to  encourage  detonation.  Check 
tests  were  from  time  to  time  made  on  various  standard  engines  on 
different  test  beds  at  the  laboratory.  One  engine,  designed  and  built 
by  one  of  the  best-known  makers  of  commercial-vehicle  engines, 
afforded  an  excellent  illustration  of  the  effect  of  combustion-chamber 
design  upon  detonation.  Had  the  designer  of  this  engine  set  himself 
the  task  of  trying  to  induce  detonation,  he  could  hardly  have  been 
more  successful.  This  particular  engine  had  a  compression-ratio 
■of  3.95  :  1,  corresponding  to  a  compression-pressure  of  only  781b. 
per  sq.  in.,  yet  the  engine  detonated  alarmingly  even  on  a  fuel  of 
toluene  value  10  per  cent,  while  the  variable-compression  engine 
using  the  same  fuel  would  run  perfectly  smoothly,  and  at  maximum 
efficiency,  with  a  compression-ratio  of  5  :  1.  To  enable  the  particular 
engine  referred  to  to  run  smoothly  on  any  fuel  having  a  toluene 
value  of  less  than  20  per  cent,  it  was  necessary  to  employ  an  over- 
rich  mixture  and  considerably  to  retard  the  ignition,  thus  sacrificing 
both  power  and  economy. 

It  is  estimated  that  the  majority  of  engines  now  in  use  can  run 
at  their  maximum  efficiency  on  a  fuel  of  toluene  value  of  from 
15  per  cent  to  20  per  cent. 

In  the  summer  of  1919  the  Shell  Marketing  Co.,  realising  that  the 
existing  methods  of  specifying  the  quality  of  their  motor  spirit  by 
determination  of  the  specific  gravity  and  boihng-point  range,  while 
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affording  useful  information  in  certain  respects,  were  of  minor 
importance  compared  with  toluene  value,  inagurated  the  system  of 
so  blending  their  Shell  spirit  as  to  give  a  high  uniform  toluene  value. 
During  this  period  a  census  was  taken  of  the  experience  of  fifty  users 
of  a  total  number  of  nearly  200  cars  and  commercial  vehicles.  An 
analysis  of  this  census  showed  an  average  increase  in  the  mileage 
per  gallon  of  no  less  than  17  per  cent  as  compared  with  other  brands 
of  petrol,  while  over  80  per  cent  of  the  users  canvassed  volunteered 
that  they  noticed  a  very  marked  increase  in  power  on  hills,  due 
clearly  to  the  fact  that  absence  of  detonation  enabled  them  to  run 
at  slow  speeds  with  an  efficient  ignition  timing.  Guided  by  these 
results,  the  Shell  Marketing  Co.  have  determined  to  maintain  a 
definite  toluene  value  standard  for  their  Shell  spirit,  and  they  now 
always  blend  the  brand  with  this  object  in  view. 

This  practical  experiment  proved,  strikingly,  that  it  is  the  ten- 
dency of  a  fuel  to  detonate  which  in  practice  controls  the  efficiency 
and  power  output  obtainable  from  it,  even  when  it  is  used  in  the 
relatively  low-compression  engines  such  as  are  general  to-day. 

Tests  carried  out  by  the  Eoyal  Aircraft  Establishment  and  most 
of  the  manufacturers  of  aero-engines  have  shown  also  that  both  the 
power  output  and  economy  of  aero-engines  can  be  increased  by  the 
addition  of  benzol  to  fuels  of  low  toluene  value,  not  because  it 
contains  greater  internal  or  potential  energy,  for,  as  will  be  shown 
later,  it  does  not,  but  simply  because  the  addition  of  benzol  checks 
the  tendency  to  detonate  and  so  permits  of  the  more  efficient  use  of 
the  fuel.  The  Air  Ministry's  existing*  specification  for  an  aircraft 
spirit  insists  upon  a  specific  gravity  and  boiling-point  range  which 
limits  the  toluene  value  to  from  12  to  14  per  cent,  and  necessitates 
a  low^  aromatic  content  for  the  fuel.  Such  a  fuel  will  cause  violent 
detonation  in  some  of  the  most  important  existing  aircraft  engines. 
The  aromatic  content  therefore  is  often  raised  by  the  addition  of 
benzol,  which  is  composed  chiefly  of  benzene  and  which,  curiously 
enough,  is  the  heaviest  and  least  effective  member  of  the  aromatic 
group.  Such  a  state  of  affairs  illustrates  how  little  the  essential 
characteristics  of  a  good  fuel  were  understood. 

It  will  be  shown  later  that,  compared  with  the  question  of  detona- 
tion, all  other  considerations  and  differences,  in  so  far  as  they  control 
the  pow'er  output  and  efficiency,  sink  into  insignificance. 

Certain  rigid  requirements  must,  of  course,  be  fulfilled.  The  fuel 
must  contain  at  least  a  minimum  proportion  of  highly  volatile  con- 
stituents with  a  high  vapour  tension  in  order  to  facilitate  starting  ; 
these,  however,  can  be  added  to  any  fuel,  and  need  not  influence 
appreciably  its  toluene  value.  Again,  the  final  boiling  point  must 
not  be  so  high  that  liquid  fuel  will  condense  upon  the  cylinder  walls, 
and  so  ultimately  find  its  way  into  the  crank  case.    These  and  other 

*  This  statement  no  longer  applies. 
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points  will  be  dealt  with  later  ou,  but  it  is  well  to  empliasise  at  thi* 
stage  that,  compared  with  the  tendency  of  a  fuel  to  detonate,  they 
are  of  secondary  importance. 

4. — Use  of  Ixert  Gases. 

In  the  course  of  the  investigations  upon  the  subject  of  detonation 
certain  other  experiments  were  tried,  some  of  which  are  of  sufhcient 
interest  to  be  worth  recording. 

Since  detonation  is  presumably  a  function  of  the  rate  of  burning 
of  a  fuel,  experiments  were  carried  out  with  a  view  to  ascertaining 
how  far  the  efficiency  could  be  improved,  when  the  rate  of  burning 
was  controlled  by  means  other  than  varpng  the  composition  of  the 
fuel.  For  this  purpose  the  addition  both  of  cooled  exhaust  gases  and 
of  water  was  employed. 

It  was  found  that  by  the  addition  of  cooled  exhaust  gases  to  the 
standard  aromatic  free  petrol,  detonating  normally  at  a  compression- 
ratio  of  4.85  :  1,  the  compression  could  be  raised  up  to  7.5  :  1, 
or  even  higher,  without  detonation  or  pre-ignition.  This  increase 
of  ratio  corresponded  to  an  increase  of  compression-pressure  of  from 
105  lb.  per  sq.  in.  to  203  lb.  per  sq.  in.  gauge.  In  these  tests  the 
variable-compression  engine  was  run  up  on  the  standard  aromatic 
free  petrol,  until  all  conditions  had  become  normal.  The  compression- 
ratio  was  then  raised  till  the  detonation  point  was  reached,  when 
readings  of  torque  and  fuel  consumption  were  taken,  the  mixture 
strength  being  adjusted  until  the  most  economical  proportions 
had  been  found.  A  cock  admitting  cooled  exhaust  products  to  the 
air  intake  of  the  carburettor  was  then  slightly  opened  and  the 
compression  raised  until  detonation  again  became  apparent,  when 
readings  of  torque  and  fuel  consumption  were  taken  at  the  higher 
compression-ratio.  The  procedure  was  repeated  at  frequent  intervals 
at  compression-ratios  ranging  up  to  7 . 5  :  1,  in  each  case  just  sufficient 
exhaust  gas  being  admitted  to  check  detonation.  The  results 
obtained  are  shown  in  Fig.  13,  in  which  the  full  lines  show  the  torque 
in  terms  of  indicated  mean  pressure  and  the  dotted  lines  show  the 
torque  obtained  without  exhaust  gas  added,  at  the  same  compression- 
ratios  and  with  a  fuel  of  the  sanie  energy  content,  but  of  sufficiently 
high  toluene  value  to  withstand  the  highest  compression.  The 
divergence  between  the  two  mean-pressure  curves  indicates  approxi- 
mately the  proportion  of  exhaust  products  required  to  check  detona- 
tion at  each  compression-ratio  for  aromatic  free  petrol.  The  lower 
curves  show,  in  full  lines,  the  fuel  consumption  in  pints  per 
indicated  horse-power  per  hour,  with  the  exhaust  gas  added,  and  in 
dotted  lines,  the  consumption  obtained  with  a  fuel  of  exactly  the 
same  calorific  value  per  pint,  but  of  sufficiently  high  toluene  value 
not  to  need  the  addition  of  exhaust  gas. 

It  will  be  observed  that  in  spite  of  the  addition  of  inert  gases,  the 
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net  power  increased  with  the  increase  of  compression  up  to  a  ratio 
of  5.5  :  1.  This  is  due  clearly  to  the  higher  efftciency  of  the  "  air 
standard."  Above  5.5  :  1  the  quantity  of  inert  gas  required  to 
check  detonation  more  than  balanced  the  improved  efficiency  due 
to  the  greater  expansion  ratio,  and  the  power  output  declined  again. 
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Fig.  13. — Full-line  curves  sIioav  the  results  with  a  fuel  of  low  toluene 
value  with  cooled  exhaust  gas  added.  Dotted  lines  show  the  corre- 
sponding values  of  I.M.E.P.  and  of  fuel  consumption  for  a  fuel  of 
•sufKciently  high  toluene  value  to  recjuire  no  dilution  with  inert  gases. 


The  economy  increased  with  increase  of  compression  up  to  6  :  1, 
in  spite  of  the  high  specific  heat  of  the  exhaust  products,  but  above 
this  compression  it  dechned  rather  rapidly,  due  in  part  to  the  rapidly 
increasing  proportion  of  exhaust  products  required,  and  in  part-  no 
doubt  to  incomplete  combustion. 
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Similar  tests  were  carried  out,  using  steam  iu  place  of  cooled 
exhaust  gases.  The  results  obtained  were  generally  similar  in 
characteristic.  It  is  hoped*  to  carry  out  further  tests  with  nitrogen 
and  carbon  dioxide. 

The  results  given  are  interesting  in  that  they  indicate  clearly  : — 

(«)  That  under  normal  conditions  pre-ignition  is,  in  the  case  of 
ordinary  petrols  containing  a  substantial  proportion  of  members  of 
the  paraffin  series,  always  brought  about  by  persistent  detonation. 

{b)  That  if  detonation  be  prevented,  pre-ignition  will  not  readily 
occur,  even  though  the  compression-pressure  be  raised  to  double  that 
permissible  under  normal  conditions. 

(c)  That  detonation  is  a  function  of  the  normal  rate  of  burning, 
and  that  if  this  be  delayed  by  employing  inert  gas  to  act  both  as  a 
brake  and  as  a  cooling  agent,  much  higher  compression-pressures, 
can  be  used. 

5. — Experiments  with  Compression  Varied  by  Throttling. 

Another  experiment,  also  of  some  interest,  was  carried  out  in 
order  to  determine  the  compression-pressure  at  which  detonation 
takes  place  when  a  high  compression  is  used  and  the  engine  is 
throttled. 

For  these  tests  the  same  standard  aromatic  free  petrol  was  used, 
and  after  preliminary  running  at  full  throttle  the  throttle  was  partially 
closed,  and  the  compression  raised  to,  say,  5.5  :  1.  The  throttle 
was  then  very  gradually  opened  until  detonation  just  became 
apparent,  a  reading  of  torque  was  taken,  the  throttle  was  locked 
securely  in  position,  and  the  supply  of  fuel  cut  oft'.  The  engine  was 
then  motored  at  the  same  speed,  and  the  actual  compression-pressure 
recorded  by  means  of  a  modified  form  of  Okill  indicator,  which  was 
found  to  give  very  accurate  readings.  The  same  procedure  was 
repeated  at  a  number  of  different  compression-ratios  ranging  up 
to  7.5  :  1,  and  the  results  obtained  are  as  shown  in  Fig.  14. 

The  full  lines  indicate  the  observed  results  with  varying  throttle 
openings,  and  the  dotted  lines  show  what  would  have  resulted  if  the 
fuel  had  permitted  the  use  of  full-open  throttle  throughout.  It  will 
be  observed  that,  while  under  these  conditions  of  throttling  the 
indicated  mean  pressure,  and  therefore  the  power  output,  naturallv 
falls  very  rapidly,  the  actual  compression-pressure  at  which  detona- 
tion first  became  apparent  is  nearly  constant.  However,  owing  to 
the  relatively  small  proportion  of  charge  taken  in  at  the  lower  throttle 
openings,  the  proportion  of  exhaust  gases  in  the  mixture  is  slightlv 
greater  at  the  higher  compression,  and  this  no  doubt  accounts  for 
the  fact  that  the  pressure  at  which  detonation  commenced  is  higher 
at  the  higher  compression-ratios  instead  of  slightly  lower,  as  would 

*  See  "  Causes  of  Detonation,"  Tizard,  loc.  cit. 
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otherwise  be  expected,  due  to  the  somewhat  higher  compression- 
temperature. 

6. — Aniline  Test  and  Toluene  Value, 

As  a  practical  and  ready  means  of  determining  the  toluene  value 
of  a  fuel  it  is  interesting  to  note  that  the  new  aniline  test  employed 
by  cheinists  for  determining  the  aromatic  content  of  a  fuel  resptnds 
also  to  the  naphthene  content;  and  therefore  this  test  aiJords  a  fairly 
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Fig.  14. 

The  full  lines  show  the  indicated  mean  pressure  obtained  and  the  correspondinf?  conipression- 
l>ressure  (taken  by  modified  •  )kill  Kauf?e)  for  various  oompression-ratios,  and  the  throttle  closed 
just  s\ifficiently  to  prevent  detonation  of  a  fuel  of  low  toluene  value.  The  dotted  line  con- 
tinuations show  what  would  have  been  the  resultinpr  mean  jiressires  at  the  \ariovis  ratios  liad 
the  toluene  value  been  sufficiently  hit'h  to  admit  of  full-open  throttle  throughout, 

accurate  measure  of  the  tendency  of  the  fuel  to  detonate.  The 
reason  for  this  is  shown  by  reference  to  Table  II,  which  gives  the 
observed  toluene  values  and  approximate  compositions  of  various 
fuels.  It  may  be  seen  from  this  Table  that  the  average  toluene  value 
of  the  paraffins  present  in  petrol  is  roughly  —  10  per  cent,  the 
average  for  the  naphthenes  is  +  30  per  cent,  the  average  for  the 
aromatics  is  -^  75  per  cent,  the  toluene  value  of  benzene  being 
67  per  cent,  of  toluene  100  per  cent,  and  of  xylene  85  per  cent.  _ 

Althought  the  results  obtained  from  this  series  of  investigations 
into  the  tactors  controlling  detonation  permit  of  certain  fairly 
definite  conclusions  being  drawn,  the  author  feels  that  much  still 
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remains  to  be  done,  for  many  discrepancies  still  remain  to  be  cleared 
up.  The  following  conclusions  and  inferences  may,  however,  safely 
be  drawn  : — 

(a)  The  one  outstanding  factor,  limiting  both  the  power  output 
and  the  efficiency  obtainable  from  any  fuel,  is  the  tendency  of  the 
latter  to  detonate.  This  controls  not  only  the  compression-ratio 
which  may  be  employed,  but  in  most  cases  it  controls  also  the  effi- 
ciency at  which  the  fuel  can  be  burnt,  even  at  relatively  low  com- 
pressions. 

(6)  The  tendency  of  a  fuel  to  detonate  appears  to  be  a  direct 
function  of  its  normal  rate  of  burning. 

(c)  Xo  evidence  of  any  kind  has  been  adduced  to  show  that  the 
normal  rate  of  burning  of  any  fuel  can  be  too  low.  This  point  will 
be  discussed  further  when  dealing  with  the  power  and  efficiency 
obtainable. 

(f/)  Of  all  the  constituents  of  natural  petrol  the  inost  effective  in 
checking  detonation  is  toluene,  followed  by  the  other  members  of 
the  aromatic  group. 

(c)  Although  compared  with  the  other  constituents  the  aromatic 
series  have  a  somewhat  lower  calorific  value  per  lb.  (but  not  per 
gallon),  the  gain  in  efficiency  due  to  their  presence,  even  in  quite 
small  quantities,  is  so  large  as  to  render  the  small  difference  in  heat 
value  insignificant. 

(/)  The  classification  of  a  fuel  by  its  specific  gravity  and  boiling 
point  applies  only  when  the  fuel  is  composed  entirely  of  pure  paraffins. 
Xo  such  fuel  is,  or  ever  has  been,  available  outside  a  chemical 
laboratory. 

(g)  Any  specification  for  a  fuel  should  be  so  drawn  as  to  encourage 
the  inclusion  of  as  large  a  proportion  as  possible  of  the  aromatic 
series  naturally  present  in  the  crude  petroleum. 

Power  Output  Obtainable  from  Different  Fuels. 

The  question  of  the  power  output  obtainable  from  different  fuels 
must  be  regarded  from  two  points  of  \aew  : — 

(1)  When  all  the  fuels  tested  are  used  with  the  same  compression- 
ratio. 

(2)  When  the  compression  is  adjusted  to  suit  each  fuel,  the  ratio 
of  compression  used  being  the  highest  consistent  with  freedom  from 
detonation  in  any  normal  circumstances. 

We  will  deal  first  with  the  results  obtained  at  a  constant  com- 
pression-ratio. Under  these  conditions,  provided  that  each  fuel  is 
burned  at  the  same  efficiency  (and  it  will  be  shown  later  that  this 
is  the  case),  the  power  output  will  clearly  be  proportional  to  the 
energy  content  of  the  fuel-air  mixture.  This  energy  content  will  be 
equal  to  the  product  of  the  heat  of  combustion  of  the  fuel,  when 
burnt  with  the  requisite  quantity  of  air,  and  the  change  in  specific 
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volume.  By  change  in  specific  voliuuc  is  meant  the  increase  or 
decrease  of  the  number  of  molecules  in  the  working  fluid  during  com- 
bustion. It  is  clearly  necessary  to  take  account  of  this  in  calculating 
the  total  internal  energy  of  the  burnt  fuel-air  mixture,  since  at  the 
same  temperature  the  pressure  will  be  proportional  to  the  number  of 
molecules. 

1. — Heat  of  Combustiox  of  a  Fuel-air  Mixture. 

For  a  fuel-air  mixture  the  heat  of  combustion  is  probably  best 
expressed  in  terms  of  ft. -lb.  of  energy  liberated  by  the  combustion 
of  1  cu.  in.  of  a  mixture  of  fuel  and  air  measured  at  standard 
temperature  and  pressure,  the  mixture  being  in  all  cases  of  such 
proportions  that  all  the  oxygen  in  the  air  is  combined. 

As  pointed  out  previously,  the  heat  of  combustion  of  a  fuel-air 
mixture  as  defined  above  has  no  direct  relation  to  the  calorific 
value  of  the  fuel. 

Table  III.,  p.  146,  gives  the  calorific  value  in  terms  of  weight 
and  volume,  also  the  heat  of  combustion  of  a  number  of  different 
hydrocarbons  previously  mentioned,  and  some  other  combustible 
substances. 

From  this  Table  the  heat  of  combustion  of  almost  any  volatile 
liquid  fuel  can  be  arrived  at,  once  its  chemical  composition  has  been 
determined. 

2. — Change  of  Specific  Volume. 

The  change  in  specific  volume  varies,  of  course,  with  the  com- 
position of  the  fuel ;  it  varies  also  with  the  mixture  strength.  In 
the  case  of  all  fuels  belonging  to  the  general  group  known  as  petrol, 
the  specific  volume  after  combustion  is  substantially  greater  than 
before,  thus  giving  a  net  increase  in  the  total  internal  energy.  In 
the  case  of  benzene  and  other  members  of  the  aromatic  group  there 
is  only  a  slight  increase  in  specific  volume,  wdiile  in  the  case  of 
hydrogen,  carbon  disulpliide,  acetylene,  etc.,  there  is  a  substantial 
decrease. 

Table  III.,  Column  E,  gives  the  total  energy  liberated  by  com- 
bustion in  terms  of  ft. -lb.  per  cu.  in.,  taking  into  account  the  change 
of  specific  volume,  and  assuming  that  the  proportions  of  the  mixture 
are  such  as  to  give  complete  combustion.  The  figures  given  in  this 
column  may  therefore  be  taken  as  an  expression  of  the  power  output 
obtainable  from  each  fuel,  assuming  — 

(fl)  That  the  mixture  strength  is  that  giving  complete  com- 
bustion. 

(6)  That  the  fuel  is  completely  vaporised  before  entering  the 
cylinder. 

Note. — This  will  only  be  true,  strictly  speaking,  if  Column  E  of  Table  III. 
is  cftlculp.ted  using  calorific  values  of  the  fuels  burnt  in  a  state  of  ve.poiu'. 
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liomb  calorimeter  experiments  give  calorific  values  from  a  liquid  state, 
tiierefore  to  the  usual  ealorimetric  figures  should  be  added  tlie  latent  heat* 
of  evaporation.  Strictly  speaking,  should  be  added  only  the  latent  heat 
al  constant  volume,  which  is  the  usual  latent  heat  (at  constant  pressure) 
less  p  X  (expansion  on  vaporisation).  This  latent  heat  is  apparently  about 
^*/ig  of  the  figure  at  constant  pressure.  Latent  heats  are  almost  certainly 
observed  at  atmospheric  pressure,  so  that  the  amount  to  be  subtracted 

will  be  sunplv  j  (14r.7  y,  144)/778}  X  (specific  volume  of  vapour  at  normal 
B.P.). 

(c)  That  the  teni])erature  of  the  mixture  after  complete  evapora- 
tion is  the  same  for  each  fuel. 

When  an  over-rich  mixture  is  used,  and  the  fuel  is  only  partially 
burnt  the  heat  of  combustion  of  the  mixture  will  be  no  greater,  but 
the  increase  in  specific  volume  will  in  most  cases  be  greater,  and 
therefore  the  total  internal  energy  will  be  somewhat  greater  on  this 
score  ;  therefore  a  slight  increase  in  power  might  be  expected  in  the 
case  of  those  fuels  having  a  relatively  large  increase  in  specific 
volume.  On  the  other  hand,  when  an  over-rich  mixture  is  used 
the  products  of  combustion  so  formed  have  a  higher  specific  heat, 
and  this,  in  nearly  every  case,  counteracts  the  advantage  whicli 
would  otherwise  be  obtained  from  the  increase  in  specific  volume. 
In  practice,  with,  perhaps,  the  single  exception  of  the  alcohol  group,, 
very  little,  if  any,  increase  in  power  is  obtained  by  using  a  mixture 
richer  than  that  required  for  complete  combustion. 

An  examination  of  Column  E  of  Table  III.  reveals  the  very 
interesting  fact,  confirmed  by  numberless  experiments,  that  the 
power  output  available  from  all  known  volatile  hydrocarbon  fuel* 
is  the  same  to  within  narrow  limits  provided  (a)  that  they  are  all 
tested  at  a  compression-ratio  at  which  full  ignition  advance  can  be- 
used  without  detonation,  and  {b)  that  the  losses  due  to  change  iiL 
specific  heat  and  to  dissociation  at  high  temperatures  are  the  same- 
in  all  cases.  In  this  connection  Messrs.  Tizard  and  Pye's  investiga- 
tions prove  that  there  is  very  little  to  choose  in  this  respect  between 
the  combustible  mixtures  of  any  of  the  available  fuels. 

3. — Experimental  Kesults. 

The  experimental  results,  a  resume  of  which  will  be  given  later, 
and  which  cover  a  very  large  number  of  independent  tests,  have 
completely  borne  out  the  conclusions  arrived  at  from  Messrs.  Tizard 
and  Pye's  theoretical  investigations*  of  the  chemical  properties  of 
the  fuels  and  of  the  process  of  combustion.  All  the  experiments  have 
proved  conclusively  that,  so  long  as  the  fuel  is  completely  evaporated, 
the  maximum  power  obtainable  from  samples  of  each  of  the  groups 
given  in  the  above  Tables,  or  from  any  combination  of  them,  is 
proportional  to  the  energy  content,  and,  excepting  only  the  alcohol 
group,  is  the  same  to  within  less  than  3  per  cent.    The  difference* 

*   Ante. 
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in  the  losses  due  to  dissociation  and  to  change  of  specific  heat  that 
•do  exist' are  such  as  to  minimise  the  differences  between  the  heats  of 
■combustion  of  the  different  types  of  fuels  (paraffins,  naphthenes, 
aromaticsy  etc.),  and  to  place  them  still  more  on  a  par  with  one 
another. 

4. — Influence  of  Latent  Heat  of  EvAroRATioN. 

There  is,  however,  one  variable  factor  wliich  has  been  mentioned 
previously,  and  which,  so  far  as  the  author  is  aware,  has  not  been 
taken  into  consideration  by  other  experimenters.  This  is  the 
influence  of  the  latent  heat  of  evaporation  upon  volumetric  efficiency. 
This  factor  was  found,  in  the  case  of  alcohol  and  the  other  members 
of  this  group,  to  have  a  very  powerful  influence  on  the  maximum 
power  output  obtainable. 

The  conclusions  given  so  far  are  based  on  the  assumption  that  the 
Avhole  of  the  fuel  is  evaporated  before  its  entry  to  the  cylinder, 
l)ut  in  practice  this  is  seldom,  if  ever,  the  case.  It  is,  of  course,  clear 
that  the  weight  of  charge  taken  into  the  cylinder  will  be  inversely 
proportional  to  its  absolute  temperature  at  the  moment  when  the 
inlet  valve  closes.  There  is  definite  evidence  from  experimental 
results  that,  with  the  exception  of  alcohol  and  the  other  members 
of  its  group,  all  fuels  boiling  below  200°  C.  are  completely  evaporated, 
before  the  commencement  of  the  compression  stroke,  by  contact 
with  the  hot  walls  and  admixture  with  the  highly-heated  residual 
•exhaust  products  in  the  cylinder,  excepting  only  a  very  small  pro- 
portion which  may  enter  the  cylinder  in  coarse  drops,  and  so  not  only 
■escape  evaporation,  but  even,  to  a  large  extent,  combustion  also. 
This  proportion  is,  however,  quite  insignificant,  and  has  no  influence 
so  far  as  power  output  is  concerned. 

The  absolute  temperature,  therefore,  at  the  commencement  of  the 
compression  stroke  is  dependent  upon  («)  the  amount  of  external 
heating  applied,  and  (b)  the  latent  heat  of  evaporation.  It  is  almost 
independent  of  the  temperature  of  the  charge  during  its  entry  to 
the  cylinder.  In  fact,  the  final  absolute  temperature,  and,  therefore, 
the  weight  of  the  charge  taken  into  the  cylinder  is  dependent  upon 
the  quantity  and  latent  heat  of  the  fuel,  and  upon  the  amount  of 
heat  added  to  it,  external  to  the  cylinder — it  is  substantially  inde- 
pendent of  the  volatility  of  the  fuel  and  its  entering  temperature. 

For  example,  a  highly  v'olatile  fuel  entering  the  cylinder  at  0°  C, 
and  a  heavy  fuel  of  low  vapour  tension  entering  at  30°  C,  will  both 
have  the  same  final  absolute  temperature  at  the  commencement  of 
compression,  if  the  latent  heat  of  both  is  the  same,  and  if  both 
charges  received  the  same  amount  of  pre-heating.  In  the  former  case 
most  of  the  evaporation  has  taken  place  outside  the  cylinder,  and 
the  added  heat  has  been  absorbed  by  the  latent  heat  of  the  vapour. 
In  the  latter  case  little  or  no  evaporation  has  taken  place  outside  the 
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cylinder,  and  the  added  heat  has  therefore  raised  the  temperature  of 
the  air  and  the  still  liquid  fuel.  In  each  case  contact  and  admixture 
with  the  highly-heated  exhaust  products  in  the  cylinder  will  com- 
plete evaporation,  and  in  each  case  the  final  temperature  will  be 
the  same  ;  hence  the  weight  of  working  fluid  (which  is  inversely 
proportional  to  the  absolute  temperature),  and  therefore  the  power 
output,  will  be  the  same  in  each  case. 

From  the  above  considerations  it  will  be  seen  that,  with  any  given 
amount  of  pre-heating  (provided  it  is  not  excessive),  the  volumetric 
efficiency,  and  therefore  the  power  output,  will  be  directly  propor- 
tional to  the  latent  heat  of  the  fuel. 

The  author  has  deemed  it  advisable  to  emphasise  this  point  very 
•strongly,  because  he  was  at  first  misled  into  supposing  that  the  final 
suction  temperature  was  proportional  to  the  inlet  temperature, 
as  it  would  be  in  the  case  of  a  gas  engine. 

Apart  from  the  alcohol  group,  the  variation  in  latent  heat  is  not 
very  large,  and  does  not  exercise  any  appreciable  influence.  It  is 
interesting  to  note,  however,  that  in  cases  where  the  total  internal 
energy  is  lower,  the  latent  heat  is  generally  slightly  higher ;  conse- 
quently a  slightly  greater  weight  of  charge  is  taken  into  the  cylinder, 
sufficient  in  most  cases  to  compensate  for  the  lower  internal  energy, 
.and  thus  bring  the  actual  power  output  to  substantially  the  same 
iimount  in  all  cases.  This  j^oint  is  well  illustrated  by  the  instance  of 
benzene,  as  will  be  seen  at  once  by  reference  to  Table  III.  The  energy 
liberated  by  combustion  of  a  cubic  inch  (at  standard  temperature 
and  pressure)  of  benzene-air  mixture  is  appreciably  lower  than  that 
of  the  hydrocarbons  forming  the  greater  proportion  of  petrols.  On 
the  other  hand,  the  latent  heat  of  benzene  is  considerably  greater, 
and  as  a  result  the  power  output  obtainable  from  benzene  is  the 
same  as  in  the  case  of  petrol  to  within  less  than  half  of  one  per  cent. 

Table  I.  gives  the  latent  heat  of  evaporation  of  a  number  of  hydro- 
carbons and  other  substances.  The  air/fuel  ratio  by  weight,  also 
the  drop  in  temperature  of  the  mixture  due  to  evaporation  of  the 
liquid,  is  shown  for  each  fuel  in  Table  III.  The  calculations  are  made 
for  mixtures  gi^^ng  complete  combustion,  but  without  excess  of  air. 

In  the  case  of  alcohol,  owing  to  the  very  much  higher  latent  heat 
and  to  the  fact  that  the  proportion  of  fuel  to  air  is  also  much  greater, 
the  latent  heat  of  evaporation  plays  a  supremely  important  part, 
and  results  in  a  really  marked  increase  in  power  as  compared  with 
other  fuels,  although  its  total  internal  energy  is  lower  than  that  of 
either  petrol  or  benzol.  Moreover,  the  power  output  increases  very 
considerably  when  an  over-rich  mixture  is  used,  a  feature  not 
observed  to  any  marked  extent  with  other  fuels.  With  an  over- 
rich  alcohol  mixture,  more  fuel  is  evaporated,  the  temperature  of 
the  charge  is  lowered,  and  the  gain  in  weight  of  charge  or  volumetric 
efficiency  considerably  more  than  outweighs  the  loss  due  to  the 
.greater  specific  heat  of  the  products  of  combustion. 

u  2 
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Apart  from  the  variations  due  to  the  differences  in  the  latent  heat 
of  evaporation  of  fuels,  which  only  assumes  important  proportion*- 
in  the  case  of  alcohol  and  the  other  members  of  that  group,  all  tests 
proved  that  the  ])o\ver  output  obtainable  was.  in  fact,  directly  pro- 
portional to  the  total  interiial  energy  of  the  fuel,  and  this  was  further 
confirmed  by  the  fact  that  the  thermal  efficiency  at  any  given  com- 
pression-ratio was  found  to  be  the  same  with  all  fuels  boiling  below 
200°  C,  exce])t  the  alcohol  group.  That  is  to  say.  it  was  found  that 
each  fuel  was  burnt  at  the  same  efficiency,  and.  therefore,  the  same 
proportion  of  its  internal  energy  was  converted  into  power.  In  the 
case  of  the  alcohol  group  the  efficiency  was  found  to  be  slightly 
higher,  and  a  further  increase  in  power  output  was  obtained  thereby. 

There  was  clear  evidence  that  in  the  case  of  the  alcohols,  owing 
to  the  very  high  latent  heat,  evaporation  continued  throughout  the- 
compression  stroke  also,  with  the  result  that  the  compression  was 
nearly  isothermal.  As  a  result  the  temperature  of  the  cycle  was 
lowered,  the  losses  due  to  conduction  and  to  change  of  specific  heat 
were  reduced,  and  the  efficiency  was  slightly  increased  thereby. 
This  feature  became  particularly  prominent  in  the  case  of  methyl 
alcohol,  which  has  the  highest  latejit  heat  of  any  of  the  fuels  tested. 
Since  it  has  also  the  lowest  calorific  value  it  follows  that  the  weight 
of  fuel  per  cycle  is  greater  than  with  any  of  the  others.  Both  the 
power  output  and  efficiency  obtainable  with  methyl  alcohol  were 
considerably  greater  than  with  any  other  luel  examined. 

In  referring  to  alcohol  and  allied  substances  as  fuels  it  should 
perhaps  be  explained  that  though  these  fuels  give  a  considerably 
greater  maximum  power  output,  and,  furthermore,  can  be  used 
with  a  higher  thermodynamic  efficiency  than  either  petrol  or  benzol, 
the  heat  value  of  the  alcohols  per  unit  of  weight  or  per  unit  of  volume 
of  the  liquid  is  so  much  lower  than  that  of  petrol  or  benzol  that  the 
rate  of  consumption  for  equal  j^ower  output  is  nevertheless  greater. 
The  exact  amount  of  this  larger  fuel  consumption  with  alcohol,  as 
compared  with  petrol  or  benzol,  will  be  exaiuined  later  when  dealing 
with  the  subject  of  efficiency. 

In  Table  V.,  p.  149,  the  values  given  in  Column  B  show  the 
relative  power  output  calculated  directly  from  the  foregoing  Tables 
and  in  accordance  with  the  argument  adduced  above  in  arriving 
at  the  conditions  governing  power  output.  The  greatest  difference 
among  the  paraffins,  aromatics,  and  naphthenes  is  hardly  more  than 
plus  or  minus  half  of  one  per  cent.  This  deduction,  as  will  be  seen 
later,  is  corroborated  almost  exactly  by  the  experimental  results. 

1. — Testing  Procedure. 

Power  Obtainable  icith  Different  Fuels  at  the  Same  Co>npression- 

ratio. 
With  a  view  to  determine  definitely  the  power  output  obtainable 
from  each  fuel  at  the  same  compression-ratio,  several  hundreds  of 
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tests  were  run  both  on  the  variable-compression  engine  and  on  the 
supercharging  engine.  In  all  cases  the  procedure  adopted  was  as 
follows  ; — 

A  suitable  compression-ratio  was  chosen  at  which  it  was  known 
that  none  of  the  fuels  to  be  tested  would  detonate  under  any  con- 
ditions of  mixture  strength  or  ignition  advance.  The  engine  was 
first  started  up  either  on  the  specially  prepared  aromatic  free  jjetrol 
or  on  pure  benzene,  Avhich  was  adopted  as  the  standard  fuel  for  high- 
compression  work.  It  was  then  run  with  wide-open  throttle  at  a 
speed  of  1500  revs,  per  minute  until  the  temperature  of  the  jacket 
water,  carburettor,  lubricating  oil,  and  induction  pipe  had  settled 
down  to  constant  values. 

The  best  ignition  setting  and  mixture  strength  for  the  development 
of  maximum  power  on  the  fuel  were,  of  course,  well  known  from 
previous  experience,  but  no  readings  were  recorded  unless  or  until 
the  torc^ue  was  within  r:  0.3  per  cent  of  that  known  to  be  obtain- 
able with  the  standard  fuel  (after  correction  for  barometer). 

So  soon  as  the  running  conditions  Avere  considered  to  be  in  every 
respect  normal,  and  the  engine  was  found  to  be  developing  standard 
power  with  standard  settings,  the  fuel  was  changed  over  to  the 
sample  to  be  tested  ;  the  correct  mixture  strength  and  ignition  setting 
lor  the  development  of  maximum  power  with  the  new  tuel  were 
iound,  and  readings  of  torque  were  taken.  In  some  cases  the  torque 
curve  over  a  wide  range  of  speed,  generally  from  800 
to  1800  revs,  per  minute,  was  explored,  but  this  practice  was  dis- 
continued later  after  it  had  been  found  from  repeated  experiments 
that  the  characteristic  of  the  torque  curve  over  the  whole  available 
range  of  speed  was.  the  same  for  every  fuel  tested  (provided,  of 
course,  that  the  correct  mixture  strength  and  ignition  setting  were 
used  for  each  speed).  The  maximum  power  output  obtainable 
from  each  sample  of  fuel  was  determined  in  this  nianner,  the  time 
taken  to  iind  the  best  settings  and  secure  steady  and  reliable  readings 
being  about  half  an  hour  in  each  case. 

During  the  whole  period  of  such  a  series  of  tests  the  throttle 
remained  wide  open,  and  great  care  was  taken  to  prevent  any  varia- 
tion in  temperature  either  of  the  circulating  water  or  the  heat-input 
to  the  carburettor. 

After  completing  a  series  of  such  tests  on  a  number  of  different 
samples,  a  final  test  was  always  made  on  the  standard  fuel,  when, 
with  the  same  temperatures  throughout,  and  the  original  adjustments 
for  this  fuel,  the  power  output  had  to  return  to  within  less  than  0.5 
per  cent  of  the  initial  reading,  or  the  tests  were  discarded  as  un- 
reliable. In  such  tests  only  one  variable  remained,  namely,  the 
temperature  of  the  lubricating  oil.  which  always  rose  slightly  during 
a  prolonged  run  of  the  nature  jvist  described.  In  the  case  of  the 
variable-compression  engine  the  oil  temperature  had  no  appreciable 
influence  on  the  performance,  but  in  the  case  of  the  supercharging 


102  THE   IXSTITUTIOX   OK   AUTOMOBILE    ENOINKEPwS 

engine  the  friction  losses  diminished  perceptibly  as  the  oil  tempera- 
ture rose,  and  a  small  correction  seldom  exceeding  0.4  per  cent  had 
to  be  made  for  this  factor.  A  large  stock  of  lubricating  oil  was  pre- 
pared and  set  aside  for  the  purpose  of  these  tests  in  order  to  ensure- 
uniformity  throughout. 

At  the  conclusion  of  each  series  of  tests  the  engine  was  motored 
by  means  of  the  balanced  electric  dynamometer  in  order  to  check 
the  mechanical  losses. 

For  the  sake  of  uniformity  all  figures  are  given  in  terms  oi  indi- 
cated horse-power,  indicated  thermal  efficiency,  etc.  This  was  found 
desirable  because  of  the  diflerences  in  mechanical  efficiency  between 
the  several  engines  upon  which  the  tests  were  carried  out.  The  mech- 
anical losses  of  the  engines  used  were  ascertained  very  carefully  by 
both  direct  and  indirect  measurements,  and,  once  deterniined,  any 
variation  could  be  detected  at  once  by  the  motoring  test.  In  the 
case  of  the  variable-compression  engine  no  measurable  change 
occurred  after  the  first  thirty  or  forty  hours"  running,  but  in  the 
case  of  the  supercharging  engine  slight  variations  in  friction  were 
noted  from  time  to  time,  due  probably  to  slight  distortion  or  lack  of 
rigidity  in  the  structure  of  the  engine. 

The  power  tests  at  constant  compression  were  run  under  three 
different  conditions,  namely  : — 

(1)  With  no  heat  supplied  to  the  carburettor. 

(2)  With  a  constant  heat  supply  of  65  B.Th.Us.  per  minute  when 
running  at  1500  revs,  per  minute,  or  0.0433  B.Th.Us.  per  revolutioa 
when  running  at  speeds  other  than  1500  revs,  per  minute. 

Note. — In  the  variable-compression  research  enguie  the  heat  supph'  to 
the  carburettor  is  provided  by  means  of  a  series  of  resistance  coils  placed 
in  the  air  intake  passage  to  the  carbmettor.  The  amount  of  heat  supplied 
to  these  coils  can  be  measured  accurately  by  means  of  instruments  in  the 
circuit,  but  it  does  not  follow  that  the  whole  of  this  heat  is  taken  up  by  the 
incoming  air,  thovigh  the  proportion  taken  up  is  a  constant  one.  From  the 
known  weight  and  specific  heat  of  the  air  it  would  appear  that  only  about 
80  per  cent,  of  the  total  heat  given  out  from  the  heater  coils  is  conveyed 
into  the  cylinder.  In  actiial  running  the  proportion  taken  in  cannot  be 
determined  very  accurately,  because  the  thermometer  in  tlie  induction  port 
acts  as  a  "  wet  bulb  "  when  mievaporated  fuel  is  entering  the  cylinder. 
With  a  view  to  checking  the  proportion  of  heat  taken  up  by  tlie  entering 
mixture,  tests  were  run  with  gaseous  fuels  and  also  with  pure  air — the 
engine,  in  the  latter  case,  being  motored  at  normal  speed,  wlien  the  quantity 
of  heat  taken  up  by  the  air  entering  the  cylinder  cotild  be  determined  fairly 
acctirately  from  its  rise  in  temperature.  In  this  and  in  future  references 
it  should  be  noted  that  the  "  heat-input  "  refers  to  the  total  heat  given  oiit 
by  the  resistance  coils,  and  not  to  the  actual  amount  of  heat  taken  up  by 
the  air,  which,  although  it  cannot  be  determined  with  al)solute  certainty, 
may  nevertheless  quite  safely  be  regarded  as  bearing  a  constant  proportion 
to  the  total  input,  since  the  weight  of  air  passing  over  and  through  tho 
heater  coils  is  constant,  as  is  also  their  temperature. 

(3)  With  the  heat  su2:)ply  varied  to  inaintain  the  entering  gases 
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at  a  constant  temperature  of  15°  C.  as  measured  by  a  thermometer 
in  the  induction  pipe  and  close  to  the  inlet  valve. 

Note. — As  mentioned  in  the  preceding  note,  the  figures  given  for  the 
temperature  of  the  working  fluid  as  it  enters  the  cyUnder  must  be  regarded 
as  a  first  approximation,  and  are  only  strictly  accurate  when  the  whole  of 
the  fuel  is  evaporated  before  it  reaches  the  thermometer  bulb.  No  means 
have  yet  been  found  for  measuring  accuratelj'  the  temperature  of  the  work- 
ing fluid  when  a  portioia  of  the  fuel  is  unevaporated.  As  explained  pre- 
viously, the  actual  temperature  of  the  working  fluid  during  its  entry  to 
the  cylinder  is  relatively  unimportant,  for  it  is  the  total  heat  input  which 
controls  the  volumetric  efficiency,  and  therefore  the  power  developed. 

In  addition,  in  a  few  cases  the  fuel  was  completely  evaporated  in  a  sepa- 
rate boiler  and  the  vapour  admitted  to  the  carburettor,  thus  eliminating 
entirely  any  variables  due  to  the  latent  heat  of  evaporation. 

These  tests,  however,  proved  very  difficult  to  carry  out,  and  were  con- 
fined to  a  few  fuels  only.  When  external  evaporation  was  complete^  it 
was  found  that  the  mean  effective  pressure  fell  0.36  per  cent  per  degree  G. 
rise  of  temperature,  which  is  in  tolerable  agreement  with  the  theoretical 
variation  in  densitv  of  the  charge. 


2. — Experimental  Results. 

In  Table  VI.,  p.  150,  are  given  the  mean  results  of  a  very  large 
number  of  tests  taken  on  the  variable-compression  engine,  with  the 
different  temperature  conditions  referred  to  above.  .  Since  actual 
experimental  results  are  given,  the  fuels  enumerated  are  of  necessity 
only  those  of  which  fairly  large  quantities  could  be  obtained,  being 
the  same  as  those  previously  tabulated. 

In  view  of  the  fact  that  in  most  engines  the  heat  supply  to  the 
carburettor  may  be  regarded  as  more  or  less  constant,  the  results 
obtained  under  the  conditions  shown  in  Columns  B  and  D  are  the 
most  important  and  the  most  nearly  allied  to  practice.  The  results 
shown  in  Columns  C,  E,  and  G  are  interesting,  in  that  they  give  an 
indication  of  the  volatility  of  the  fuels. 

In  Table  II.,  Columns  A,  B,  and  C,  show  the  approximate  composi- 
tion of  each  of  the  fuels  on  which  power  output  was  observed.  From 
the  composition  of  each  fuel  has  been  calculated  (Column  A,  Table 
VI.)  a  figure  of  merit  for  power  output  which  is  exactly  comjjarable 
witla  the  values  given  for  relative  power  output  (Column  B  of  Table 
v.,  p.  149)  deduced  for  the  pure  substances  in  the  manner  described. 
It  will  be  seen  that  it  is  only  for  fuels  (such  as  the  alcohols)  with 
unusually  high  latent  heat  that  the  observed  power  output  (Columns 
B  or  D  given  in  terms  of  indicated  mean  effective  pressures)  falls 
short  of  the  calculated  figures  of  merit  (Column  A).  Column  L, 
Table  II.,  gives  the  observed  power  output  in  terms  of  indicated 
mean  pressure  for  each  of  the  fuels  under  equal  conditions  of 
heating,  but  after  full  advantage  has  been  taken  of  increasing  the 
compression-ratio  up  to  the  limit  set  by  detonation  or  by  pre- 
ignition  for  that  particular  fuel. 
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With  the  exception  of  ctliyl  alcoliol  and  methyl  ak-ohol,  winch, 
on  account  both  of  their  high  latent  heat  and  relatively  large  increase 
in  specific  volume,  behave  somewhat  differently,  and  require  special 
consideration,  the  following  facts  may  be  considered  as  having  been 
established  past  all  doubt  from  the  Tables  given  above  and  from 
numerous  other  experiments  of  a  similar  nature  to  those  recorded 
here.  Mostly,  the  facts  were  arrived  at  first  by  purely  theoretical 
reasoning,  and  they  have  since  been  confirmed  by  actual  tests  carried 
out  under  conditions  which  ensure  a  very  high  degree  of  accuracy. 

3. — ^CoxcLusioxs  Arrived  At. 

(1)  That  within  very  narrow  limits  the  power  output  obtainable 
from  any  volatile  hydrocarbon  fuel,  or  from  any  combination  of  such 
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Fig.   15. — Relation  betAveeu  indicated  mean  effective  pressure  and 

revs,   per  min\ite  in  the  variable-compression  engine  at  different 

compression-ratios  with  benzol  and  with  aromatic  free  petrol. 

Note. — The  curve  for  aromatic  free  petrol  ftt  4  :  1  compression  lies  so 
■close  to  that  for  benzol  at  the  same  compression  that  it  is  not  possible  on 
this  scale  to  show  them  separately. 


fuels,  is  substantially  the  same  when  used  with  the  same  compres- 
sion-ratio, provided  that  the  compression-ratio  is  sufficiently  low 
to  permit  of  each  fuel  being  used  to  its  full  advantage  for  that  com- 
pression. 

(2)  That  so  long  as  the  ignition  timing  is  adjusted  to  suit  the  normal 
rate  of  burning  of  the  fuel,  the  relative  power  output  is  the  same  at 
all  speeds,  i.e.,  there  is  no  evidence  to  show  that  certain  fuels,  giving 
more  power  relatively  to  another  at  low  speeds,  do  not  also  give 
more  power  at  high  speed.    This  is  shown  in  Fig.  15. 
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(3)  That  maximum  power  is  always  developed  when  the  mixture 
strength  is  at  or  near  that  giving  complete  combustion.    (See  Fig.  16.) 

(4)  The  power  output  obtainable  from  any  fuels  or  combination  of 
iuels,  when  the  external  heat  supply  is  constant,  or,  more  strictly, 
■when  it  is  proportional  to  the  latent  heat  of  evaporation  of  the  fuel, 
is  directh'  proportional  to  the  energv  content  of  the  combustible 
mixture,  from  which  it  would  appear  that  the  efficiency  with,  which 
all  fuels  are  burnt  is  the  same.     It  will  be  shown  later,  when  dealing 
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Fig.  16. 

Relation  between  I. M.E.P.  and  fuel  consinniition  for  different  fuels  at  the  same  compression- 
ratio,  whieh  is  sufficiently  low  to  iiermic  of  eac^h  beinp  used  mider  the  most  economical  condi- 
tions for  that  compression.  Curve  (A)  is  with  aromatic  free  petrol.  Curve  (B)  is  with  "A" 
petrol.  Oui-ve  C  is  with  benzol  (S.fJ.  0.880)..  It  will  be  seen  that  while  the  minimum  consump- 
tions vary  widely.  deiiendinp(au  this  low  comia-ession)  solely  <>n  the  heat  values  of  the  respei'- 
tive  fuels,  the  maximum  I.M.E. P..  and  therefore  also  the  power  output,  is  practically  the  same 
for  each  of  these  very  different  fuels. 


with  efficiency,  that  within  narrow  limits  this  was  found  to  be  the 
case. 

In  the  case  of  the  alcohol  group  the  conclusions  may  be  stated 
as  follows  : — 

(1)  Owing  to  their  low  boiling-point  it  is  unnecessary  to  provide 
much  external  heating  ;  consequently  the  bulk  of  the  fuel  enters 
the  cylinder  in  a  liquid  state,  with  the  result  that  the  temperature 
of  the  charge  is  lower,  and  the  power  output  obtainable  is  consider- 
ably greater  than  from  other  fuels,  although  their  total  energy 
(see  Table  III.,  Column  E)  is  actually  somewhat  lower. 
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(2)  There  is  no  evidence  to  show  that  their  low  rate  of  burning 
has  any  adverse  influence  on  the  power  obtainable  at  very  high  speed* 
or  very  low  compression-ratios. 

(3)  Again  owing  to  the  high  latent  heat  and  relatively  large  increase 
in  specific  volume,  the  power  output  obtainable  increases  as  the 
mixture  is  enriched,  and  continues  so  to  increase  until  the  mixture 
strength  is  at  least  20  per  cent  more  than  that  required  for  complete 
combustion.    (See  Fig.  17.) 

(4)  Owing  to  the  fact  that  in  the  case  of  this  group,  and  this  group 
only,  an  appreciable  proportion  of  the  fuel  evaporates  during  the 
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Fig,  17. — Relation  between  I.INI.E.P.  and  fuel  consmnption  with 
petrol  and  with  methylated  spirits  (a  mixture  of  alcohols).  The 
results  were  observed  mider  exactly  ecj^ual  conditions  of  compression- 
ratio,  heating  and  ignition  timing.  It  is  seen  that  while  the  mininumi 
consumption  of  the  methylated  spirits  is  i>^:<  per  cent  greater  than 
for  the  petrol,  the  maximmn  I.M.E.P.,  and  therefore  the  power 
outpvit  on  methylated  spirits,  is  10  per  cent  greater  also. 


compression  stroke,  compression  is  more  nearly  isothermal,  the 
temperatm-e  of  the  cycle,  as  a  whole,  is  lower,  and  the  efficiency  is- 
raised  thereby.    The  power  output  is  therefore  increased  somewhat, 
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since  a  slightly  greater  proportion  of  the  total  internal  energy  avail- 
able is  converted  into  useful  work. 

Pouer  Obtainable  u-ith  Different  Fuels  and   Variable  Compression- 
ratio. 

So  far  only  the  power  output  obtainable  from  different  fuels  wliea 
used  with  the  same  compression-ratio  has  been  considered.  It  is 
clear,  however,  that  to  obtain  full  advantage  of  the  lower  rate  of 
burning  of  certain  fuels  each  fuel  should  l)e  run  at  the  highest  com- 
pression-ratio it  will  stand  without  risk  of  detonation.    For  the  pur- 
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Fig.   18. 

pose  of  these  tests  the  variable-compression  engine  proved  invaluable, 
for  the  compression-ratio  could  be  varied  to  suit  each  sample  within 
the  space  of  a  few  seconds,  and  that  without  reducing  either  the  speed 
or  the  load,  or  affecting  any  of  the  temperature  conditions. 

Although  a  very  large  number  of  tests  was  carried  out  e:jd;ending 
over  many  months,  the  results,  obtained  may  be  stated  very  briefly, 
for  it  was  found  thtit  the  relation  between  power  output  and  com- 
pression-ratio was  precisely  the  same  in  the  case  of  every  fuel  tested. 

1. — Experimental  Results. 

In  all  cases  it  was  observed  that  fuels  capable  of  standing  high 
compressions  give,  relatively  to  each  other,  the  same  power  output 
at  lower  compressions.  At  varying  speeds  up  to  the  limit  at  present 
obtainable  the  relative  power  output  of  difierent  fuels  is  the  same. 

At  first  sight  it  would  naturally  be  expected  that,  when  the 
compression  is  varied  without  involving  any  change,  either  thermal 
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or  inochanical,  the  mean  offoctivo  pressure  would  be  proportional 
at  all  times  to  the  air  standard  ethciency  corresponding  to  the  com- 
pression-ratio used.  In  Fig.  1 8  the  upper  curve  shows  the  air-standard 
efficiency  over  the  range  of  comjiression  from  4  :  1  up  to  7.5  :  1. 
The  lower  curve  shows  Tizard  and  Pye's  ideal  efficiency  for  any  fuel 
when  the  mixture  strength  is  that  corresponding  to  complete  com- 
bustion. This  latter  curve  takes  into  account  the  losses  due  to  change 
in  specific  heat  and  to  dissociation  at  high  temperatures,  but  it  does 
not  take  into  account  the  direct  heat-loss  to  the  cylinder  walls,  which 
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Fig.  19. — Curve  (A) — Relation  between  indicated  mean  effective 
pressure  and  compression-ratio  according  to  Tizard  and  Pye's  ideal 
thermal  efficiency  for  a  mixture  strength  giving  complete  combustion, 
assuming  a  constant  volumetric  efficiency  of  77  per  cent  of  air  at 
X.T.P.  {i.e.,  0°  C.  and  29.92in.  of  mercury),  but  without  making 
«ny  allowance  for  heat -loss  to  the  cylinder  head  and  walls.  Curve  (B) 
— The  same  relation  according  to  the  air  standard  efficiency,  assmn- 
ing  a  relative  efficiency  throughout  of  65  per  cent  and  a  volumetric 
efficiency  of  77  per  cent.  Cvuve  (C)— The  relation  of  I.M.E.P.  and 
compression-ratio  as  actually  observed. 

yotc. — It  will  be  shown  later  that  the  observed  thermal  efficiency  follows 
Tizard  and  Pye's  ideal  curve  very  closely.  That  the  obseived  mean  pres- 
sui*e  does  not  do  so  can  only  be  accounted  for  by  a  change  in  the  volumetric 
efficiency. 


is  always  more  or  less  a  variable  quantity  depending  upon  the  form 
of  the  combustion  chamber,  the  speed,  and  many  other  variables. 

In  Fig.  19  curve  (B)  shows  the  variation  in  mean  pressure  with 
compression  which  might  be  expected  if  the  efficiency  relative  to  the 
air  standard  remained  constant  at  all  compressions.  Curve  (A) 
shows  the  mean  pressure  which  would  be  obtained  if  the  efficiency 
bore  a  constant  relation  to  Tizard  and  Pye's  ideal  efficiency. 

Curve  (C)  shows  the  relation  between  the  mean  pressure  and  com- 
pression-ratio actually  observed. 
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This  relation,  which  could  be  obtained  with  a  high  degree  of 
accuracy,  did  not  vary  measurably  as  between  numerous  tests  on  any 
one  fuel  or  on  several  different  fuels. 

2. — Mean-  Pressure  and  Efficienxy. 

That  the  mean  pressure  developed  does  not  follow  either  the 
air  standard  or  Tizard  and  Pye's  calculated  values  is  explained 
by  the  fact  that  the  volumetric  efficiency  falls  as  the  compression- 
ratio  is  increased.  AVhy  it  should  fall  still  remains  a  mystery.  Many 
theories  have  been  advanced,*  some  of  which,  no  doubt,  go  some  way 
towards'  explaining  the  change  in  volumetric  efficiency,  but  none 
can,  in  the  author's  opinion,  explain  the  existence  of  so  large  a 
variation. 

It  will  be  shown  later,  when  dealing  with  the  question  of  efficiency, 
that  the  actual  observed  efficiencv  rose  in  relation  to  the  air  standard. 
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Fig.  20. 

The  full  line  shows  the  observed  increase  or  decrease  of  inaxiniuui  I.M.E.  I'.,  and  therefore  of 
l)0\\er  output  when  coniiiression  is  varied,  as  coiniiared  with  that  olitainaljle  at  a  ponii)ression- 
ratio  of  5  :  1.  The  dotted  line  shows  what  this  relation  would  be  if  it  were  iiroixirtional  to  the 
air  standard — that  is,  if  relati\e  thermal  etticiency  and  volumetric  efficiency  were  constant 
with  var.vinp  compression.  It  apjiears  that  both  are  variable,  but  that  with  iiicreasinjr  coni- 
iiression the  fall  in  vohimetric  etticiency  more  than  balances  the  sliirlit  rise  in  relati\  e  therm  il 

etticieni'y. 

while  the  mean  pressure  fell  in  relation  to  it.  This  is  a  somewhat 
surprising  phenomenon,  in  view  of  the  fact  that,  so  far  as  any  change 
in  the  efficiency  of  the  combustion  chamber  was  concerned,  it  must 
have  decreased  with  increase  of  compression,  though  every  endeavour 
was  made  to  reduce  this  variable  to  the  lowest  possible  limit. 

Fig.  20  shows  in  full  line  the  observed  percentage  increase  or 
decrease  in  mean  efEective  pressure,  taking  as  basis  a  compression- 
ratio  of  5  :  1.  The  dotted  line  shows  what  this  relation  would  be  if 
the  I.M.E. P.  were  proportional  to  the  air  standard.  The  full- 
line  curve  may  be  taken  as  applicable  to  all  fuels  or  combinations  of 
fuels  without  distinction  or  qualitication.    To  apply  it,  it  is  necessary 


*  See  Proc.    R.    Ae.    Soc,    Nov.,    1923, 
Engines,"  by  Rii-ardo. 
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only  to  refer  to  Table  II.,  Column  D,  which  gives  the  highest  safe 
compression-ratio  at  which  the  fuel  may  be  used,  and  to  add  or 
subtract  the  necessary  percentage  observed.  Table  II.,  Column  L, 
shows  the  mean  effective  pressure  actually  observed  with  each  fuel 
at  1500  revs,  per  minute  when  run  at  the  highest  compression-ratio 
consistent  with  freedom  from  detonation. 

Thermal  Efficienxy  as  Affected  by  Fuel  Composition. 

Before  any  serious  tests  were  commenced  on  the  variable-com- 
pression research  engine,  Messrs.  Tizard  and  Pye  had  undertaken 
an  exhaustive  investigation  into  the  process  of  combustion,  and 
had  arrived  at  very  definite  conclusions,  both  as  to  the  chemical 
changes  which  might  be  expected  to  take  place,  and  as  to  the  limits 
of  thermal  efficiency  resulting  therefrom.  An  abstract  of  the  results 
of  their  investigation  formed  the  subject  of  a  lecture  delivered  by 
Mr.  H.  T.  Tizard  before  the  British  Association  in  August,  1920. 
Subsequent  tests  on  the  two  research  engines,  more  particularly 
on  the  variable-compression  engine,  and  on  various  fuels,  have 
served  to  confirm  the  conclusions  they  arrived  at.  The  close  agree- 
ment obtained  during  tests  carried  out  comparatively  recently  Avith 
their  figures  deduced  many  months  previously,  and  from  purely 
theoretical  reasoning,  is  very  striking.  Since  Messrs.  Tizard  and 
Pye  have  dealt  so  comprehensively  with  all  the  factors  governing 
the  efficiency  of  an  internal  combustion  engine,  and  the  influence 
upon  that  efficiency  of  changes  in  the  com]»osition  of  the  fuel,  it  is 
iinnecessary  for  the  author  to  give  more  than  the  barest  summary 
of  their  conclusions. 

1. — Results  Obtained  by  Messrs.  Tizard  and  Pye. 

The  thermal  efiiciency  obtainable  with  any  fuel  depends  in  the 
first  place  upon  the  compression-ratio  at  which  it  can  be  burnt, 
and  this  in  turn  is  governed  by  the  tendency  of  the  fuel  to  detona'te 
under  high  compression-pressures.  At  any  given  compression- 
ratio  the  thermal  efficiency  is  dependent  upon  the  maximum  tempera- 
ture. Upon  flame  temperature  depends  also  the  direct  loss  of  heat 
to  the  cylinder  walls,  the  loss  due  to  dissociation,  and  that  due  to 
increase  in  the  specific  heat  of  the  working  fluid  at  high  temperatures. 
The  maximum  temperature  is  dependent  upon  the  mixture  strength 
and  the  available  internal  energy  of  the  fuel. 

Broadly  speaking,  the  results  of  the  theoretical  investigations  of 
Messrs.  Tizard  and  Pye  have  been  to  indicate  : — 

(a)  That  when  both  change  in  specific  heat  and  dissociation  are 
taken  into  account  the  maximum  temperature  obtained  with 
economical  mixture  strengths  is  substantially  the  same  in  the  case 
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of  all  available  hydrocarbon  fuels,  though  it  is  perceptibly  lower 
in  the  case  of  alcohol. 

(b)  That  the  gain  in  efficiency  with  increase  in  compression-ratio 
is  very  considerably  greater  than  would  be  predicted  from  the 
air  standard  formiila. 

(c)  That  the  theoretical  thermal  efficiency  for  the  most  economical 

mixture  strength  may  be  expressed  by  the  formula  £  =  1  —  yj 

This  formula  takes  into  account  both  change  of  specific  heat  and 
dissociation,  and  represents  the  ideal  efficiency  obtainable  from  a 
working  fluid  consisting  of  air  and  any  volatile  hydrocarbon  fuel, 
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Fig.  21. 


assummg  complete  combustion  (within  the  limits  imposed  by  dis- 
sociation) and  no  loss  of  heat  to  the  cylinder  walls. 

In  Fig.  21  are  shown  three  curves  :  (o)  the  air  standard  efficiency 
lor  a  range  of  compression-ratio  from  4  :  1  to  7 . 5  :  1  ;  (6)  Tizard 
and  Pye's  ideal  thermal  efficiency  corresponding  to  the  same  range 
of  compression  ;  and  (c)  the  observed  results  on  the  variable-com- 
pression engine  with  most  economical  mixture  strength  based  on  the 
net  calorific  value  of  the  fuel  and  including  the  latent  heat  of  evapora- 
tion. It  will  be  observed  that  throughout  the  whole  range  the  rela- 
tion between  the  experimental  results  and  the  calculated  ideal 
efficiency  is  constant  to  within  very  narrow  limits.  The  difierence 
between  the  two  represents  the  heat  loss  to  the  cylinder  walls  during 
combustion  and  expansion,  and  the  small  loss  due  to  the  early  open- 
ing of  the  exhaust  valves.  All  the  tests  showed  that  the  gain  in 
efficiency  with  increase  in  compression  was  almost  exactly  the  same 
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in  the  case  of  all  fuels  tested.  Naturally,  the  majoritv  of  the  fuel* 
would  not  stand  so  high  a  coiupression-ratio  as  7.5  :  1  without 
detonation  or  pre-ignition,  but  up  to  the  highest  useful  cotupressiou. 
for  each  fuel  the  cur\'es  of  efficiency  plotted  against  compression- 
ratio  were  almost  coincident  in  all  cases.  Alcohol,  for  reasons  which 
will  be  dealt  with  later,  gave  a  higher  thermal  efficiency  throughout 
the  range  of  compression,  though  the  curve  showed  practicallv  the- 
same  proportional  variation. 

2. — The  Deter.mixatiox  of  Calorific  Values. 

The  determination  of  the  true  absolute  thermal  efficiency  obtain- 
able from  different  fuels  has  proved  somewhat  difficult.  Such  a, 
determination  presupposes  an  accurate  knowledge  of  the  effective 
calorific  value  of  the  fuel,  and  it  is  in  acquiring  this  that  the  principal 
difficulty  lies.  Much  of  the  published  data  is  clearly  unreliable  and 
must  be  discarded,  while  in  many  cases  the  very  precision  with  whicb 
the  calorific  value  is  given  to  four  or  even  five  places  is  sufficient  to 
engender  susj^icion  in  view  of  the  great  difficulty  in  the  way  of 
making  an  accurate  determination.  In  regard  to  the  application  of 
the  calorific  values,  as  determined,  to  the  calculation  of  engine  thermal 
efficiency,  there  is  a  factor  which  does  not  appear  to  have  been  taken 
into  consideration  in  previous  investigations  on  this  subject.  This 
factor  is  the  influence  of  the  latent  heat  of  evaporation  upon  the 
evaluation  of  the  useful  calorific  value. 

When  a  sample  of  liquid  fuel  is  tested  either  in  a  Junkers  or  a 
bomb  calorimeter,  some  at  least  of  the  heat  liberated  during  com- 
bustion is  devoted  to  overcoming  the  latent  heat  of  evaporation  of 
the  liquid.  In  the  case  of  the  bomb  calorimeter,  for  examjjle,  when 
a  sample  of  liquid  fuel  is  placed  in  the  bomb  only  a  trifling  propor- 
tion is  evaporated  before  combustion  commences.  During  the  pro- 
cess of  combustion  the  remainder  of  the  fuel  is  evaporated,  and  the 
heat  required  for  overcoming  the  latent  heat  of  evaporation  is 
supplied  by  combustion.  Now  when  used  in  an  engine  the  whole,  or 
very  nearly  the  whole,  of  the  fuel  is  evaporated  before  the  end  of  the 
compression  stroke,  such  small  proportion  as  escapes  evaporation 
usually  passes  through  the  cylinder  unburnt.  In  practice  the  pro- 
portion of  liquid  fuel  which  actually  both  evaporates  and  burns 
during  the  combustion  stroke  may  be  considered  as  negligible,  so 
that  the  heat  required  for  evaporation  may  be  regarded  as  being 
supplied  either  outside  the  cylinder  or  at  least  outside  the  heat  cycle. 
It  has  been  fully  accepted  by  engineers  that  the  latent  heat  of 
evaporation  of  the  water  formed  by  the  combustion  of  any  hydro- 
carbon and  air  should  be  deducted  from  the  total  available  heat, 
because,  owing  to  the  high  temperature  of  the  cycle,  no  water  is 
condensed,  and  consequently  this  heat  cannot  be  made  use  of.  Ifc 
is  therefore  proper  and  customary  to  subtract  from  the  total  heat  the- 
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heat  equivalent  of  the  evaporation  of  the  water  formed.  It  appears 
also  to  be  right  and  proper  to  add  to  the  total  available  heat  the  latent 
heat  of  evaporation  of  the  fuel,  since  this  is  supplied  outside  the 
cycle.  To  be  more  strictly  accurate  there  should  be  added  the 
latent  heat  at  constant  volume,  which  is  less  than  the  latent  heat 
at  constant  i:)ressure  by  the  amount  of  the  work  done  on  the  atmo- 
sphere if  the  liquid  is  vaporised  when  unenclosed.  So  far  as  ordinary 
petrols  are  concerned,  the  latent  heat  of  evaporation  of  the  fuel 
bears  but  a  small  proportion  to  its  total  heat,  and  does  not  seriously 
affect  the  issue,  but  in  the  case  of  the  alcohol  group  its  proportion 
becomes  a  very  considerable  one,  and  should  most  certainly  be  taken 
into  account.  The  most  reliable  determinations  of  the  calorific 
value  of  alcohol,  at  present  available,  do  not  take  into  account  the 
latent  heat  of  evaporation,  and  the  very  high  a]?parent  thermal 
efficiency  obtainable  with  this  fuel  is  therefore  largely  fictitious. 

Theoretical  considerations  would  suggest  that  the  thermal  efficiency 
• — that  is  to  say,  the  proportion  of  the  total  effective  heat  converted 
into  useful  work — should  be  substantially  the  same  at  the  same 
compression-ratio  for  all  fuels,  with  the  possible  exception  of  the 
members  of  the  alcohol  group.  This  is  fully  borne  out  by  the  experi- 
ments made.  Provided  that  the  fuel  is  vaporised,  or  that  all  liquid 
is  sufficiently  finely  divided  and  in  suspension,  the  thermal  efficiency 
at  any  compression-ratio  is  practically  constant. 

In  Table  VII.,  p.  151,  the  following  values  are  given  for  each  fuel : — 

Column  A. — The  lower  calorific  value  according  to  the  accepted 
standards  and  the  most  careful  and  reliable  determinations. 

Column  B. — The  minimum  fuel  consumption  (in  terms  of  lb.  per 
I.H.P.  per  hour)  actually  observed  with  a  compression-ratio  of  5  :  1 
and  standard  heat  input  to  the  carburettor. 

Column  C. — The  thermal  efficiency  calculated  from  Columns  A 
and  B. 

Column  D. — The  latent  heat  of  evaporation  at  atmospheric  pres- 
sure. 

Column  E. — The  ""  lower  "'  calorific  value  (Column  A)  i)lus  the 
latent  heat  of  evaporation  at  constant  volume. 

Column  F. — The  corrected  thermal  eftieiency  calculated  from 
Columns  B  and  E. 

For  all  the  data  given  in  this  Section,  except  where  specifically 
mentioned,  the  thermal  efficiency  has  been  calculated  from  tlie 
corrected  calorific  value  of  the  fuel  as  given  in  Column  E  of  Table 
VTI.,  i.e.,  the  calorific  value  as  determined  by  bomb  calorimeter 
minus  the  latent  heat  of  evaporation  of  the  water  formed,  but  plus 
the  latent  heat  of  evaporation  of  the  fuel  at  constant  volume. 

In  the  case  of  the  special  research  engines,  as  previously  mentioned, 
the  means  pro\'ided  for  measuring  both  the  power  output  and  the 
fuel  consumption  were  such  as  to  ensure  an  accuracy  (based  on  the 
mean  results)  of  about  0.25  per  cent  plus  or  minus. 
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It  is  very  doubttul  whetlier  the  useful  calorific  value  of  a  composite 
fuel  such  as  j)etrol  can  be  ascertained  to  within  closer  limits  than 
'0.5  per  cent  plus  or  minus,  more  particularly  so  when  the  fuel  used 
is  not  a  chemically  pure  substance,  so  that  the  observed  heat  value 
•cannot  be  checked  by  analysis. 

1 . — Experimental  Kesults. 

Power  and  Efficiency  at  Varidus  Mixture  Strengths. 

The  procedure  of  all  tests  for  power  output  and  efficiency  has 
already  been  described  (page  100  ante).    Such  tests  were  carried  out 
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Fig.    22. 


on  "every  sample  of  fuel  examined,  and  when  the  quantity  available 
permitted,  similar  tests  were  run  at  different  speeds,  different  jacket 
temperatures,  or  different  rates  of  heat  input  to  the  carburettor. 
The  results  obtained  from  three  of  such  tests  are  shown  in  Fis.  22. 
giving  fuel  consumption  plotted  against  the  mean  pressure  for  petrol 
'*  A,"  pure  benzene,    and  for  ethyl-alcohol  98.5  per  cent  at  a  com- 


EMPIRE    MOTOR    FUELS    COMMITTEE    REPORT 


115 


pressioii-ratio  of  5  :  1.  Fig.  23  shows  similar  curves  for  benzene 
at  different  compression-ratios,  namely,  4,  5,  6,  and  7:1.  It  will 
be  seen  that  the  general  forni  and  character  of  the  curves  so  obtained 
are  substantially  the  same  for  all  the  fuels.  The  differences  that  do 
occur  are  of  a  small  order  except  in  the  case  of  the  alcohol  group. 
In  the  case  of  alcohol  the  power  continues  to  rise  with  increase  of 
mixture  strength  to  an  important  extent.  This  is  quite  certainly 
due  to  the  increased  volumetric  ethciency  obtained  with  rich  mixtures 
owing  to  the  high  latent  heat  of  the  fuel  and  the  consequent  fall  in 
the  temperature  of  the  charge.    The  relation  between  power  output 
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and  consumption  of  mixture,  on  the  weak  side,  is  substantially  the 
same  for  all  fuels,  but  on  this  side  the  efficiency  obtained  depends  to 
a  greater  extent  upon  the  nature  and  intensity  of  the  ignition  spark 
and  upon  its  timing.  Tests  on  the  weak  side  were  run  both  with  the 
ignition  set  to  give  maximum  efficiency  at  normal  mixture,  and  with 
the  ignition  adjusted  to  suit  each  reduction  in  mixture  strength. 
Fig.  24  shows  the  curves  obtained  (a)  with  fixed  ignition  setting, 
(h)  with  the  setting  adjusted  for  each  change  in  mixture  strength. 
It  was  observed  that  the  ignition  required  to  give  maximum  power 
on  any  petrol  with  a  compression-ratio  just  below  its  detonation 
point  and  between  the  limits  4.5  to  5.5  :  1  was  31  degrees  before 
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top  centre  at  150U  revs,  per  minute.  The  ignition  could,  be  advanced 
with  advantage  when  working  on  the  weak  side  to  3S  much  as 
45  degrees  early  on  the  weakest  mixtures.  The  same  applies  in  the 
case  of  all  the  fuels  tested.  It  is  interesting  also  to  note  that  at  about 
the  mixture  strength  giving  complete  combustion  the  ignition  timing 
required  was  very  nearly  the  same  for  all  fuels  from  lieptane  to  toluene 
or  alcohol. 

While  the  behaviour  of  fuels  nt  mixture  strengths  weaker  than  that 
giving  complete  combustion  is  very  interesting  from  a  scientific 
point  of  view,  and  highly  suggestive  of  possible  developments,  yet, 
80  far  as  the  multi-cylinder  engine  is  concerned,  it  is  of  but  little 
practical  value  at  present,  because,  owing  to  irregularities  in  dis- 
tribution, such  weak  mixtures  cannot  be  used.     In  every  instance- 
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Fig.  24. 


i\-liere  any  attempt  has  been  made  to  supply  to  a  four-cylinder  engine- 
a  mean  mixture  strength  appreciably  weaker  than  that  giving  com- 
plete combustion,  the  result  has  been  that  one  or  more  cylinders  of 
the  group  are  starved,  their  ignition  becomes  irregular,  and  back- 
firing into  the  carburettor  takes  place. 


2. — Effect  of  Weak  Mixtures  ox  Detoxation. 

It  has  already  been  stated,  when  dealing  with  the  subject  of  detona- 
tion, that  the  tendency  to  detonate  is  at  a  maximum  at  or  about  the 
mixture  strength  giving  maximum  economy.  This  is  practically 
scientifically  true.  Strictly  speaking,  the  tendency  to  detonate  is  at 
a  maximum  at  or  about  the  mixture  strength  giving  complete  com- 
bustion, and  this  in  ])ractice  is  almost  coincident  with  that  giving 
maximum  economv.     With  the  verv  weak  mixtures  a  rather  hiirher- 
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coiuprcssion  can  be  used  without  detonation,  but  under  such  a  con- 
■dition  an  engine  is  working  between  exceedingly  narrow  limits  of 
mixture  strength.  Satisfactory  running  would  be  quite  unattainable 
with  an  ordinary  carburettor  even  on  a  single-cylinder  engine.  In 
any  multi-cylinder  engine  to  work  within  such  limits  of  mixture 
strength  is  certainly  far  outside  practical  possibility.  With  a  view 
to  investigating  this  point  more  thoroughly  a  careful  series  of  testa 
was  made  on  the  standard  aromatic  free  petrol  over  a  range  of 
mixture  strengths  from  75  per  cent  rich  to  25  per  cent  weak.  After 
each  adjustment  of  mixture  strength  the  compression-ratio  was 
varied  so  that  detonation  was  just  audible.  The  results  of  this 
interesting  test  are  shown  in  the  curves  given  in  Fig.  25.  It  will  be 
seen  that  with  any  mixture  strength  between  10  per  cent  rich   and 
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Fig.  25. 


10  per  cent  weak  the  available  compression-ratio  was  4.85  :  1. 
When  the  mixture  was  varied  in  either  direction  beyond  these  limits 
it  became  possible  to  raise  the  compression  without  causing  detona- 
tion. The  full-line  curve  shows  that  when  the  mixture  was  20  per 
cent  weak  the  compression  could  be  raised  to  4.95  :  1,  and  with  a 
mixture  strength  75  per  cent  rich  the  compression  could  be  increased 
to  5.75  :  1.  The  ignition  setting  was  adjusted  to  give  maximum 
power  for  each  condition.  In  the  same  Figure  is  shown  (a)  the 
variation  in  mean  effective  pressure  over  the  same  range  of  mixture 
strength  at  a  constant  compression-ratio  of  4.85  :  1,  and  with 
ignition  timing  adjusted  to  suit  each  mixture  strength  ;  and  (6) 
the  same  again,  but  with  compression-ratio  adjustec^  as  permitted 
bv  each  change  of  mixture  strength.     From  these  curves  it  will  be 
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seen  that  only  a  very  slight  increase  in  compression-ratio  can  be 
obtained  with  weak  mixtures,  and  that  only  when  the  mixture  is  so 
weak  that  the  running  is  becoming  unstable. 

3.— Influence  of  Jacket  Water  Temperature. 

While  all  standard  tests  were  run  with  a  jacket  water  temjjerature 
of  60°  C,  some  series  of  tests  were  also  run  at  temperatures  of  35°  0. 
and  85°  C.  In  the  case  of  all  fuels  boiling  below  about  180°  C. 
the  water  temperatures  did  not  influence  the  efficiency  to  any  appre- 
ciable extent,  though  in  some  cases,  notably  with  the  more  volatile 
fuels,  a  very  slight  gain  in  efficiency  was  observed  when  the  water 
temperature  w^as  at  its  lowest,  due  probably  to  the  general  reduction 
in  the  temperature  of  the  cycle.  The  difference  was,  however, 
exceedingly  small,  and  for  all  practical  purposes  may  be  regarded 
as  insignificant.  It  must  be  understood  that  these  remarks  refer 
to  the  indicated  thermal  efficiency.  So  far  as  the  brake  thermal 
efficiency  is  concerned,  any  increase  in  temperature  of  the  cylinder 
walls  results  in  a  decrease  in  piston  friction  due  to  the  lower  viscosity 
of  the  lubricating  oil.  The  gain  in  mechanical  efficiency  due  to  reduced 
friction  losses  with  higher  jacket  temperatures  generally  more  than 
outweighs  any  difference  in  indicated  thermal  efficiency.  Since 
piston  friction  is  ])urely  a  mechanical  factor  and  varies  widely  in 
different  engines,  it  is  thought  best  to  deal  only  with  the  indicated 
performance.  In  both  the  variable-compression  and  the  super- 
charging engines  on  which  these  tests  were  made  the  piston  friction 
is  so  low  that  the  brake  thermal  efficiency  is  virtually  unaffected  by 
changes  in  the  temperature  of  the  cooling  water. 

4. — Influence  of  Heat  Input  to  the  Carburettor. 

In  all  the  standard  tests  a  uniform  rate  of  heat  input  of  0.0433 
B.Th.Us.  per  minute  per  revolution  per  minute,  or  65  B.Th.Us. 
per  minute  at  1500  revs,  per  minute,  was  supplied.  Other  series 
were  also  carried  out  with  no  heat  input  to  the  carburettor,  and  also 
with  a  heat  input  of  0.066  B.Th.Us.  jjer  minute  per  revolution  per 
minute. 

So  far  as  the  more  volatile  fuels  are  concerned,  that  is,  fuels  boiling 
below  180°  C,  the  heat  input,  while  affecting  the  power  very  adversely 
by  reducing  the  weight  of  charge  entering  the  cylinder,  had  no 
influence  upon  the  thermal  efficiency  except  in  so  far  as  a  high  rate  of 
heat  increased  the  tendency  to  detonate,  and  so  necessitated  the  use 
of  a  lower  compression-ratio.  The  effect  of  heat  input  to  the  car- 
burettor and  of  water  jacket  temperature  when  running  with  a 
mixed  tuel  having  an  abnormally  wide  range  of  boiling,  will  be  dealt 
with  later,  but  the  above  remarks  must  be  regarded  as  applicable 
to  reasonablv  volatile  and  homogeneous  fuels  such  as  the  various 
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petrols  given  in  the  Tables,  also  the  lighter  aromatics  and  naphthenes. 
In  the  case  of  95  volume  per  cent  ethyl  alcohol  the  efficiency  rose 
from  31  .6  per  cent  to  32.5  per  cent,  when  the  heat  input  was  raised 
from  nil  to  0.066  B.Th.Us.  per  minute  per  revolution  per  minute. 
In  view  of  the  behaviour  of  most  of  the  petrols  which  have  very 
much  higher  final  boiling  points,  this  feature  is  perhaps  a  little 
curious  ;  but  alcohol,  owing  to  its  higher  latent  heat,  its  considerable 
water  content,  and  its  low  vapour  tension,  behaves  somewhat  differ- 
ently from  most  of  the  other  fuels  tested.  Fig.  26  shows  the  mean 
effective  pressure  and  fuel  consumjrtion  obtained  with  95  volume  per 
cent  ethyl  alcohol,  curve  {a)  with  no  heat  input,  and  curve  {b)  with 
a  heat  input  of  0.066  B.Th.Us.  per  minute  per  revolution  per  minute. 
It  will  be  seen  from  these  curves  that  the  minimum  fuel  consumption 
is  appreciably  lower  under  the  heated  condition.  The  maximum 
jiower  output,  of  course,  is  very  much  lower.  From  tests  on  multiple- 
cylinder  engines  on  petrol,  benzole,  etc.,  where  the  problem  of  dis- 
tribution enters  into  the  account,  it  was  found  that  a  very  consider- 
able heat  input  was  required  in  order  to  obtain  the  best  thernia 


I 

1 

a 

— 

!             1 

-1 

S 

1 

1 

1 

^f 

#7 

(bl__ 

'°-^-^P.i<ii-4-^ 

K 

'        i 

,                    !          1 

1 
1 

1 

no  t?0  130  140  150    155 

Ind.meon  effective  pressure(ll).p€r  sq  inch, qauqej 


Fig.  26. 

efficiency.  The  heat  required  varied  considerably  for  different 
engines  ;  the  amount  may  be  taken  as  an  inverse  measure  of  the 
efficiency  or  otherwise  of  the  distribution  system. 

5. — Efficiexcy  ox  Reduced  Load?. 

When  the  load  on  an  engine  is  reduced  by  throttling  the  supply 
of  working  fluid,  and  the  mixture  strength  is  maintained  at  the  value 
used  for  full  load,  the  temperatures  in  the  heat  cycle  will  be 
substantially  the  same,  since  neither  the  ratio  of  compression  nor  the 
heat  of  combustion  of  the  mixture  are  altered.  The  only  condition 
which  is  changed  appreciably  is  the  proportion  which  the  residual 
exhaust  products  bears  to  the  whole  of  the  working  fluid.     Apart 
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from  tlie  latter  consideration  the  efficiency  of  the  cycle  should 
remain  very  nearly  the  same  at  all  throttle  openings.  Experiments 
with  the  time  of  ignition  fixed  at  that  giving  maximum  efficiency  on 
full  throttle  have  shown  that,  as  the  throttle  is  closed  and  the  power 
oiitpnt  is  reduced  at  constant  speed  and  constant  mixture  strength, 
the  efficiency  falls  ;  but  when  the  ignition  is  readjusted  to  give 
maximum  efficiency  at  each  throttle  opening,  tlie  indicated  thermal 
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Fig.  27. 

efficiency  remains  substantially  constant  over  a  wide  range  of  load, 
e.j/.,  from  40  per  cent  to  100  per  cent.  Fig.  27  shows  (o)  the  indi- 
cated thermal  efficiency  observed  on  petrol  with  a  constant  mixture 
strength  and  fixed  ignition  setting,  and  (6)  the  indicated  thermal 
efficiency  with  the  ignition  adjusted  at  each  load  to  give  maximum 
efficiency.  It  will  be  observed  in  the  case  of  curve  (6)  that  the 
efficiency  at  about  70  per  cent  full  load  is  actually  appreciably  greater 
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Fig.  28. — Petrol  "A."     Compression  5.45  :    1. 

than  that  obtainable  on  full  loads.  This  characteristic  is  not  peculiar 
to  petrol,  but  has  been  observed  also  Avith  alcohol,  ^'ery  great  care 
was  taken  to  ascertain  carefully  the  variation  in  pumping  losses  at 
the  different  throttle  openings,  and  to  correct  for  such  variation 
when  computing  the  indicated  power  or  efficiency.  It  would  appear 
that  the  presence  of  a  greater  proportion  of  exhaust  products  on 
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reduced  loads  influences  appreciably  the  rate  of  burning  of  the 
mixture,  and  therefore  necessitates  an  earlier  ignition  timing. 

Fig.  28  shows  the  variation  in  heat  distribution  for  petrol  ''  A  " 
with  different  loads  at  a  constant  speed  of  1500  revs,  per  minute 
and  under  uniform  conditions  as  to  heat  input,  jacket  temperature, 
etc. 

Fig.  29  shows  a  similar  set  of  curves  for  95  volume  per  cent  alcohol 
under  identical  conditions.     In  both  cases  the  heat  input  to  the 
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Fig.  29. — -Alcohol  95  vol.  per  cent.      Compression  5.45  :    1. 


•carburettor   was   proportional   to  the   load   and   equivalent   to   65 
B.Th.Us.  per  minute  at  full  load. 

6. — ^Efficiexcy  on  Alcohol. 

While  at  any  given  compression-ratio  the  thermal  efficiency 
was  found  to  be  the  same  on  all  volatile  hydrocarbon  fuels,  the 
^'fficiency  obtained  with  alcohol  was  consistently  higher.  For  the 
samples  of  ethyl  alcohol  and  for  a  sample  of  methylic  alcohol  (purified 
wood  naphtha)  accurate  calorific  values  were  obtained.  These  deter- 
minations were  made  by  Messrs.  The  Asiatic  Petroleum  Co.  at  their 
■central  testing  laboratory  at  Shell  Haven.  The  determination  made 
of  the  heat  value  of  98.5  per  cent  ethyl  alcohol  agreed  with  the  value 
given  by  Eichards  to  within  0.25  per  cent,  which,  considering  the 
difiiculties  which  are  encountered  when  making  these  determina- 
tions, is  very  close  agreement  indeed.  The  values  given  by  Richards 
are  recognised  at  tlie  present  time  as  being  probably  the  most  accurate 
in  existence.  The  calorific  values,  as  determined  at  Shell  Haven, 
of  the  actual  samples  used  for  the  engine  tests  may  be  taken,  there- 
fore, as  being  as  nearly  as  possible  accurate.  The  values  for  the 
alcohol  are  given  in  Columns  A  and  E  of  Table  VII.,  p.  151.  Verv 
careful  tests  were  run  with  95  volume   per  cent  ethyl  alcohol  at 
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compression-ratios  of  3.8  :  1,  5:1,  and  7  :  1  under  exactly 
similar  conditions  as  to  speed,  jacket  temperature  and  rate  of  heat 
input  to  the  carburettor,  also  the  distribution  of  heat  to  the  jackets 
and  to  the  exhaust  was  very  carefully  determined.  Similar  tests 
were  run  also  on  several  petrols  (within  the  limits  of  useful  com- 
pression-ratio) and  on  benzene.  The  results  obtained  are  shown  in 
TableVin.,p.  154. 

From  this  Table  it  will  be  observed  that  the  thermal  efficiency 
obtained  with  ethyl  alcohol  at  all  compression-ratios  was  some 
2h  per  cent  higher  than  that  obtainable  with  hydrocarbon  fuels, 
when  the  calorific  values  in  all  cases  are  subjected  to  the  same  correc- 
tions for  the  latent  heat  of  evaporation.  The  explanation  of  this 
gain  in  efficiency  is  to  be  found  in  the  reduction  in  the  temperature 
of  the  cycle  due  to  the  evajmration  of  thf  alcohol  within  the  cylinder. 

7. — Heat  Distribution. 

It  has  already  been  shown  that  the  drop  in  tem])eraturc  of  the 
working  fluid  due  to  the  evaporation  of  the  liquid  fuel  was,  in  the 
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Fig.  30.^ — Petrol  "A."     Coinpression  5 .  45  :    1. 


case  of  ix'trol  "'  A/"  20  degrees  C,  and  in  the  case  of  ethvl  alcohol 
9H  per  cent,  S5  degrees  C.  while  in  the  case  of  95  per  cent  volume  it 
would,  owing  to  the  high  water  content,  be  equivalent  to  97  degrees  C. 
There  appears  to  be  no  doubt  that  practically  the  whole  of  the  fuel 
and  the  water  contained  in  it  eva])orates  completely  either  during 
entry  to  the  cylinder,  or,  at  anv  rate,  before  the  completion  of  the 
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conipr<:'Ssiou  stroke  ;  it  is  clear,  therefore,  that  the  temperature  at 
the  end  of  compression  will, in  the  case  of  alcohol,  be  some  70  degrees C. 
lower  than  in  the  case  of  petrol.  Since  the  maximum  flame  tempera- 
ture of  an  alcohol  mixture  is  also  about  100  degrees  C.  less  than  that 
of  a  petrol  mixture,  it  follows  that  in  the  former  case  the  highest 
flame  tem])erature  attained  will  be  approximately  170  degrees  C. 
lower  than  that  of  a  petrol  mixture,  and  the  loss  of  heat  to  the  jackets 
and  that  due  to  change  of  specific  heat,  etc.,  will  be  substantially 
reduced.  Again,  when  running  with  alcohol,  the  total  weight  of 
working  fluid  passing  through  the  cylinder  is  greater  as  explained, 
previously  ;  hence  the  relative  loss  of  heat  will  be  even  slightly  less 
than  would  appear  from  a  consideration  of  the  temperatures  alone. 
Table  IX.,  p.  154,  shows  the  heat  distribution  observed  when  run- 
ning Avith  petrol  "A"  and  v.'ith  95  volume  per  cent  ethyl  alcohol  with 
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Fig.  .31. — Alcohol  9.1  vol.  per  cent.      Com] session  5.45 


a  compression-ratio,  in  this  instance,  of  3.8  :  1.  The  mixture 
strength  both  for  the  petrol  and  for  the  alcohol  w^as  that  giving 
maximum  efficiency.  From  a  comparison  of  the  proportionate  heat 
loss  to  the  cylinder  cooling  water,  it  will  be  observed  that  the  amount 
of  heat  given  up  to  the  cvlinder  walls  is  considerably  greater  in  the 
case  of  petrol  than  alcohol,  indicating  again  a  considerably  higher 
cycle  temperature. 

Figs.  30  and  31  show  respectively  the  observed  variation  in  the 
distribution  of  heat  (to  indicated  work,  to  cooling  water,  and  to 
exhaust)  with  different  mixture  strengths  on  petrol  and  alcohol  in 
both  cases  at  a  compression-ratio  of  5.45  :  1.     The  horizontal  scale 
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denotes  the  total  jiumber  of  B.Th.Us.  per  hour  supplied  to  the  engine, 
and  the  vertical  scale  the  percenta_s;e  accounted  for  in  I.H.P.  and 
cooling  water.  The  upper  curve  is  plotted  by  difference,  and  repre- 
sents the  heat  rejected  in  the  exhaust  and  by  radiation. 

Table  XII.,  p.  152,  gives  the  observed  minimum  fuel  consump- 
tions in  lb.  and  in  pints  per  indicated  horse-power  per  hour, 
(■olumn  A  shows  the  consumptions  for  a  fixed  compression-ratio 
of  5  :  1 .  Column  B  gives  the  minimuni  fuel  consumption  obtained 
when  running  the  engine  with  the  highest  useful  compression-ratio 
for  each  fuel. 

STARTING,  DISTRIBUTION,  AND  VOLUMETRIC 
EFFICIENCY. 

It  is  now  proposed  briefly  to  examine  the  conditions  governing 
ease  of  starting,  distribution,  and  volumetric  efficiency,  and  to  con- 
sider in  what  ways  these  conditions  react  favourably  or  otherwise 
towards  one  another. 

1. — Starting. 

Ease  of  starting  must  be  considered  from  two  different  aspects, 
namely,  (1)  the  ease  with  which  an  engine  may  be  induced  to  start 
running  under  its  own  ])o\ver,  and  (2)  the  time  taken  to  warm  up 
sufficiently  to  give  full  power. 

It  is  common  experience  that  while  a  motor-car  engine  may  be 
started  up  with  ease  it  may  take  as  much  as  five  or  six  miles  running 
before  the  engine  will  "pull"  well,  more  particularly  when  the 
carburettor  setting  is  such  as  to  deliver  a  rather  weak  and,  therefore, 
an  economical  mixture. 

The  conditions  governing  the  ease  or  otherwise  of  gaining  the 
initial  start  will  be  considered  first.  They  have  proved  extraordinarily 
difficult  to  determine  because  so  many  factors  enter  into  the  case, 
such  as  the  condition  of  the  sparking-plugs  and  the  strength  of  the 
spark,  which  has  usually  to  be  provided  froni  a  magneto  running 
at  a  very  low  speed,  and  also  the  speed  at  which  the  engine  is  rotated 
when  starting. 

To  start  an  engine  from  cold  it  is  necessary  to  have  present  in 
the  cylinder  at  the  time  of  ignition  a  sufficient  proportion  of  vapour 
to  form  an  explosive  mixture.  The  formation  of  this  vapour  must 
be  efiected  notwithstanding  the  fact  that  not  only  the  whole  of  the 
induction  system,  but  the  cylinder  walls,  pistons,  and  valves  are 
all  quite  cold,  and  also  that  the  velocitv  in  the  induction  system  is  at 
a  minimum. 

If,  at  starting,  the  carburettor  were  supplied  only  with  a  mixture 
of  strength  just  sufficient  to  give  economical  running  under  normal 
conditions,  the  engine  would  certainly  never  start  from  cold  with 
even  the  most  volatile  petrol.     On  the  other  hand,  if  an  excessive 
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quantity  ot  liquid  fuel  be  admitted  to  the  cylinder,  or  spread  over 
the  internal  walls  of  the  induction  system,  the  large  surface  of  liquid 
thus  exposed  will  allow  a  sufficient  quantity  of  the  more  volatile 
fractions,  even  of  the  least  volatile  of  the  present-day  petrols,  to 
evaporate  and  so  produce  a  combustible  mixture.  Even  in  cold 
weather,  therefore,  it  is  possible  to  start  an  engine  from  cold  with 
any  reasonable  fuel. 

From  these  considerations  the  following  conclusions  may  be  drawn  : 

(a)  On  no  petrol  will  an  engine  start  from  cold  with  an  economical 
mixture  strength. 

(6)  On  commercial  petrol  an  engine  will  start  from  cold  provided 
sufficient  fuel  of  reasonable  quality  is  admitted. 

In  all  fuels  belonging  to  the  group  known  as  petrol,  some  of  the 
light  fractions,  which  occur  in  the  majority  of  crude  petroleums, 
exist.  These  light  fractions  consist  either  of  hexane,  cyclohexanc 
or  benzene,  and  often  of  all  three  of  these  substances,  and  their 
presence  renders  starting  from  cold  possible. 

In  all  modern  carburettors  some  means,  such  as  a  pilot  jet,  is  pro- 
vided in  order  to  deliver  a  very  rich  mixture  for  starting  and  slow 
running,  and  this  is  generally  supplemented  by  "  flooding  "  when 
starting  from  cold.  How  much  ""  flooding  "  is  required  depends 
primarily  upon  the  arrangement  of  the  induction  system.  When 
the  induction  pipe  is  of  large  diameter  so  that  when  turning  by  hand 
the  velocity  through  it  is  very  low,  and  when  the  carburettor  is 
fitted  at  the  lowest  point  with  efficient  drain  holes,  it  is  sometimes 
found  that  no  amount  of  "  flooding  "'  will  suffice  for  the  less  volatile 
petrols,  and  that  fuel  must  be  injected  either  into  the  cylinders  or 
into  the  upper  portion  of  the  induction  system.  On  the  other  hand 
when  the  induction  system  is  of  small  cross  section  so  that  even  when 
turning  by  hand  the  velocity  is  high  enough  to  raise  and  spread  the 
liquid  fuel  over  the  whole  surface  of  the  combustion  chamber,  an 
engine  will  usually  start  readily  enough  after  '"  flooding  "  the 
carburettor  even  with  a  petrol  of  low  volatility.  If  the  mixture 
from  the  pilot  jet  is  sufficiently  rich  it  wull  often  start  the  engine 
without  any  "  flooding  "  at  all.  In  some  cases  the  induction  system 
is  so  arranged  that  when  the  carburettor  is  "  flooded  "  freely  the 
quantity  of  liquid  fuel  taken  into  the  induction  system  and  cylinders 
is  so  large  that  the  proportion  of  vapour  to  air  becomes  too  great, 
and  the  engine  will  fail  to  start  from  over-richness.  The  ease,  there- 
fore, with  which  an  engine  may  be  started  from  cold  may  be  said  to 
depend  upon  the  following  : — - 

(a)  The  arrangement  and  proportions  of  the  induction  system  and 
carburettor  combined  with  the  degree  of  "  flooding  "  which  is  possible. 

(b)  The  adequacy  of  the  pilot  jet  to  supply  a  comparatively  large 
quantity  of  very  rich  mixture,  and 

(c)  The  Y^roportion  of  hexane,  cyclohexane  or  benzene  or  other 
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very  vohitilc  fraction  iu  the  fiu-l  which  dctfrinim-s  tlw  amount  of 
■'  flooding  "   or  '"  doping  "  required. 

With  the  least  volatih^  of  the  petrols  tested  it  was  always  found 
possibh'  to  provide  an  over-rieh  mixture  on  the  coldest  days,  either 
by  ■■  doping  '"  the  cylinders  or.  in  some  cases,  merely  by  excessive 
"flooding"  of  the  carburettor,  dejiending  on  the  induction  system 
design. 

The  conclusions  so  far  recorded  apply  to  the  composite  fuels  known 
as  petrols.  The  statements  are  not  applicable  to  pure  substances 
having  constant  boiling  points.  For  instance,  it  was  found  almost 
impossible  to  start  from  cold  on  pure  heptane,  even  with  the  most 
careful  "doijing"  of  the  cylinder  and  any  degree  of  "flooding." 
This  test  is  interesting  since  the  boiling  point  of  heptane  is  prac- 
tically the  same  as  the  average  of  that  of  petrol '"  F,"  which  is  a  very 
light  aircraft  spirit.  Table  X.,  p.  154,  shows  a  comparison  of  these 
two  fuels. 

The  inlet  temperature  as  shown  in  column  C  of  this  Table  gives 
(as  will  be  described  later)  an  approximate  measure  of  the  mean 
volatility. 

Column  D  shows  the  vapour  pressures  at  0^  C.  of  these  fuels.  It 
will  be  seen  that  while  the  mean  boiling  point  and  mean  volatility 
(as  indicated  by  induction-pipe  temperature)  are  practically  the  same 
for  these  two  fuels,  the  vapour  pressure  under  the  same  low  tempera- 
ture is  very  different.  With  the  fuel  with  the  high  vapour  pressure 
the  engine  started  from  cold  with  extreme  readiness,  while  with 
heptane  it  would  not  start  at  all. 

It  is  evident  that  in  so  far  as  the  influence  of  the  fuel  is  concerned 
the  vapour  pressure  is  indicative  of  the  readiness  of  a  fuel  to  start 
from  cold.  As  will  be  shown  later,  the  mean  volitility,  on  the  other 
hand,  largely  controls  the  time  taken  to  get  fully  under  way. 

There  are  other  considerations  bearing  on  the  problem  of  starting 
from  cold  when  fuels  other  than  petrol  and  benzol  are  used.  Two  of 
these  new  factors  are  : — - 

(a)  The  ratio  of  fuel  to  air  required  to  provide  an  inflammable 
mixture,  and 

(b)  The  heat  required  to  supply  the  latent  heat  of  evaporation. 

For  any  petrol  and  even  for  a  commercial  benzol,  both  the  fuel 
to  air  ratio  (by  weight)  and  also  the  latent  heat  of  evaporation  are 
approximately  the  same.  Up  till  now,  therefore,  these  variables 
have  been  neglected  in  regard  to  their  effect  upon  ease  of  starting. 
So  soon,  however,  as  the  alcohols  and  allied  substances  come  under 
consideration  as  fuels  these  new  factors  must  be  taken  into  account. 
Table  XL,  p.  154,  shows  a  comparison  of  some  typical  pure  sub- 
stances. The  first  three,  namely,  hexane,  cyclohexane,  and  benzene 
represent  the  volatile  portions  of  most  petrols. 

From  this  Table  (Column  D,  which  gives  the  ratio  between  the 
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weights  of  air  and  fuel  required  to  provide  a  mixture  giving  just  com- 
plete combustion)  it  is  seen  that  for  the  volatile  constituents  of 
petrol  approximately  one-fourteenth  of  the  weight  of  air  is  required. 
For  ether  one-eleventh  of  the  weight  of  the  air  gives  a  correspondingly 
inflammable  mixture,  and  for  ethyl  alcohol  as  much  as  one-ninth  of 
the  weight  of  the  air  present  must  consist  of  fuel  vapour.  From 
Column  C  of  Table  XI.  it  is  seen  that  there  is  comparatively  little 
variation  between  the  latent  heats  of  the  fuels  named  except  for 
alcohol.  The  latent  heat  absorbed  in  vaporising  a  pound  of  alcohol 
is  no  less  than  2h  times  as  much  as  that  required  to  vaporise  the  same 
weight  of  petrol.  Approximately,  1.6  times  the  weight  of  alcohol 
is  required  to  give  an  inflammable  mixture  with  a  given  cylinder 
full  of  air,  so  that  almost  exactly  four  times  the  quantity  of  heat  is 
' required  to  furnish  a  combustible  mixture  with  alcohol  as  compared 
with  petrol. 

As  a  practical  means  of  using  alcohol  the  addition  of  comparatively 
small  proportions  of  ether,  with  its  high  vapour  pressure,  renders 
starting  quite  easy, 

2. — Initial  Running  Time  Taken  to  Att.un  Full  Power. 

So  far,  the  ^Jroblem  of  effecting  the  initial  start  only  has  been  con- 
sidered. As  to  how  long  a  period  must  elapse  before  the  engine  will 
develop  its  full  power  depends  on  quite  other  factors  than  those 
already  mentioned.     The  most  important  probably  are  : — 

(a)  The  mean  volatility  of  the  fuel. 

{b)  The  arrangements  provided  for  warming  the  carburettor  or 
induction  system. 

(c)  The  design  of  the  carburettor,  and 

{(l)  The  equality  of  distribution  of  the  fuel  to  the  different 
cylinders. 

The  term  ""  volatility  "  here  may  be  taken  in  its  broadest  sense, 
meaning  the  readiness  with  which  a  liquid  vaporises  under  any  given 
temperature  conditions.  Many  tests  were  carried  out  oil  the  road, 
with  different  petrols,  for  the  purpose  of  investigating  roughly  the 
effect  of  volatility  upon  the  time  taken  in  getting  under  way  with  a 
motor  car.  In  each  case  the  engine  was  started  up  from  "  all  cold  " 
and  immediately  driven  along  a  level  road  with  the  carburettor 
set  to  give  rather  a  weak  mixture.  The  distance  travelled  before 
top  gear  could  be  taken  was  carefully  noted,  and  the  results  were 
found  to  agree  generally  with  the  volatility  tests,  which  will  be 
described  later. 

Much  clearly  depends  upon  the  arrangements  for  heating  the 
induction  system.  When  the  passages  are  water  jacketed  the  heating 
up  is  naturally  very  slow  because  of  the  large  heat  capacity  of  the 
system  ;  on  the  other  hand,  when  the  system  is  exhaust  heated,  the 
heat  capacity  is  relatively  small  and  it  rapidly  attains  its  normal 
working  temperature. 
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Carburettor  design  naturally  influences  greatly  the  readiness  with 
which  power  and  flexibility  of  running  are  gained  after  starting  a 
cold  engine.  If  the  means  of  compensation  are  effective,  thereby 
eliminating  "  blind  spots,"  i.e.,  conditions  of  throttle  opening  or 
engine  speeds  where  the  mixture  becomes  unduly  weak,  then  the 
sooner  will  it  become  possible  to  get  the  engine  under  full  power, 
even  when  it  is  not  yet  thoroughly  warmed  up. 

Equality  of  distribution  is  hardly  less  important  than  adequate 
compensation  in  the  carburettor  in  its  effect  upon  the  time  taken 
to  get  under  way.  If  we  assume  that  the  carburettor  delivers  to  the 
induction  system  a  mixture  of  normal  strength,  then  so  long  as  the 
distribution  is  uniform  there  is  still  some  range  available  on  the 
weak  side.  Consequently,  regular  running  will  be  obtained  before 
the  engine  and  induction  system  have  reached  their  normal  tempera- 
ture. With  poor  distribution,  whereby  one  or  more  cylinders  receive 
a  mixture  weaker  than  the  rest,  the  available  range  of  mixture 
strength  is  much  reduced,  and  consequently  until  everything  is  well 
warmed  any  attempt  to  open  the  throttle  is  frustrated  by  '"  popping 
back  "  due  to  the  after-burning  caused  by  excessive  weakness  of 
mixture  in  one  or  two  cylinders. 

3. — Mean  Volatility  of  the  Fuel. 

In  the  preceding  notes  on  starting  use  has  been  made  of  the  term 
"  mean  volatility."  Before  dealing  with  the  subject  of  distribution 
it  will  be  well  to  define  exactly  w^hat  is  meant  by  mean  volatility, 
which,  so  far  as  the  nature  of  the  fuel  is  concerned,  is  the  most  impor- 
tant factor  controlling  the  time  taken  to  obtain  full  engine  power. 

The  method  used  for  measuring  the  heat  supplied  to  the  entering 
mixture  on  the  experimental  engine  has  already  been  described. 
By  "  motoring  "  the  engine  at  definite  speeds,  by  means  of  the 
electrical  dynamometer,  it  was  found  possible  to  determine  with 
accuracy  the  temperature  which  w^ould,  under  running  conditions, 
be  recorded  in  the  induction  passage  for  any  given  supply  of  heat 
to  the  air  if  no  fuel  were  supplied  to  the  carburettor.  When  the 
fuel  was  turned  on  and  its  flow  w^as  adjusted  to  give  a  suitable 
standard  mixture  strength,  the  fall  in  temperature,  caused  by  the 
latent  heat  of  evaporation,  was  noted  for  different  fuels.  Having 
ascertained  the  constants  for  a  number  of  the  standard  fuels  by  means 
of  tests  made  with  the  engine  "  motoring,"  it  was  found  that  the 
behaviour  as  regards  vaporisation  of  the  various  fuels  could  be 
studied  with  equal  accuracy  when  the  engine  was  actually  running 
under  its  own  power. 

By  means  of  motoring  tests  while  only  air  was  admitted  to  the 
carburettor  it  was  possible  to  determine  the  proportion  of  the  heat 
which  was  lost,  presumablv,  mainly  owing  to  the  slight  blow-back 
which  occurs  at  inlet  valve  closing.     This  test,  which  was  made  at 
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various  engine  speeds,  consisted  in  rotating  the  engine  while  cold 
(and  without  fuel)  at  a  constant  speed,  and  supplying  the  air-intake 
heater  with  a  known  quantity  of  heat,  the  diSerence  between  the 
temperature  of  the  air  in  the  induction  pipe  and  that  of  the  outside 
air  being  noted. 

Since  both  the  specific  heat  and  the  weight  of  air  passing  were 
known  within  fairly  close  limits,  the  actual  quantity  of  heat  taken 
into  the  engine  could  be  calculated.  In  this  determination  the  only 
assumption  made  was  in  regard  to  rate  of  flow  of  air.  Subsequent 
tests,  some  of  which  are  described  below,  made  with  a  displacement 
air  meter,  showed  that  the  estimated  flow,  taken  from  calculated 
volumetric  efficiency,  agreed  with  the  measured  flow  within  such 
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Fig.  32. — Curves  showing  relation  between  temperatiire  of  the 
saturated  vapour  and  the  percentage  of  the  total  fuel  boiled  off 
when  each  temperature  is  reached,  obtained  by  distillation  in  an 

Engler  flask. 

close  limits  as  to  afiect  the  results  of  the  heater  tests  to  only  a  negli- 
gible degree. 

Having  determined  the  corrections  required  for  measuring  the 
actual  heat  supply  under  any  conditions  of  engine  speed,  tests  to 
measure  the  effective  volatility  of  the  fuel  under  running  conditions 
could  be  made. 

The  standard  test  made  on  each  of  the  fuels  referred  to  in  these 
articles  included  the  following  readings  : — 

(fl)  Temperature  recorded  by  thermometer  in  the  induction  pipe 
close  to  the  inlet-valve  housing. 

(6)  Temperature  of  the  outside  air  before  entering  the  heater. 

(c)  The  net  heat  input  to  the  carburettor. 

((Z)  Fuel  consumption. 
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For  the  standard  test  the  net  heat  input  was  maintained  constant 
at  0.0433  B.Th.Us.  per  revolution  of  the  engine,  as  before.  The 
fuel  consumption  was  adjusted  as  nearly  as  possible  to  that  giving  a 
mixture  strength  20  per  cent  greater  than  that  required  for  complete 
combustion,  this  being  the  mixture  strength  at  which  maximum 
power  is  obtained  with  fuels  such  as  petrol  and  benzol.  The  tem- 
perature rise  or  fall,  i.e.,  the  difference  between  reading  (a)  and 
reading  {b),  is  given  in  Table  XII.  (p.  1.52)  for  most  of  the  fuels 
tested.    (See  Column  E.). 

In  Table  I.  (p.  142)  is  shown  (Column  G)  the  boiling  point  or 
boiling  range  of  each  of  the  fuels  named.  In  Column  C  the  latent 
lieat  per  lb.  is  given,  and  in  Column  A  the  vapour  pressure  at  0°  C. 
is  indicated.  Finally,  in  Column  F,  Table  III.,  the  air-fuel  ratio  for 
just  complete  combustion  is  shown. 

An  examination  of  the  Tables  shows  that  the  temperature  rise 
above  atmospheric  temperature  (or  the  fall  below  that  temperature 
in  the  case  of  the  very  low  boiling  point  fuels)  varies  very  consistently 
with  the  boiling  point  or  with  the  average  boiling  point  as  given  by 
the  Engler  distillation  curve.  It  may  be  seen,  also,  that  the  tempera- 
ture rise  bears  no  relation  whatever  to  the  vapour  pressure.  For 
example,  in  Fig.  32  the  distillation  curves  of  petrols  "'  E  "  and  "  F  " 
have  been  drawn  from  the  values  shown  in  Tables  I.  and  III.  While, 
as  will  be  seen  from  the  Tables,  these  two  fuels  have  almost  exactly 
the  same  vapour  pressure,  the  average  boiling  points  as  shown  by 
the  curves  are  approximately  104°  C.  and  92^  C.  respectively.  The 
temperature  as  measured  in  the  induction  pipe  indicates  the  difference 
in  the  mean  volatility  very  clearly.  For  petrol  "  E  "  the  tempera- 
ture rise  was  10.5  degrees  C,  while  for  petrol  "  F"  it  was  only 
5.5  degrees  C. 

Since  the  lower  temperature  must  be  caused  by  more  rapid 
evaporation  within  the  induction  system,  these  temperatures  may 
fairly  be  taken  as  a  good  indication,  relatively  of  the  effective  or 
mean  volatility  of  the  fuel. 

Temperature  readings  are  given  in  Table  I.,  Col.  J,  for  alcohol  and 
other  substances  ha^ang  high  latent  heats.  In  these  cases,  it  must 
not  be  assumed  that  the  measured  temperature  is  always  a  true 
indication  of  the  rate  of  evaporation  taking  place  \vithin  the  induc- 
tion pipe,  since,  where  there  exist  considerable  differences  in  latent 
heat,  an  exact  comparison  becomes  altogether  too  complicated. 

4. — Distribution. 

To  obtain  equality  of  mixture  strength  or  good  distribution  to  a 
number  of  cylinders  fed  by  one  carburettor  is  one  of  the  most  difficult 
and  complex  problems  which  confronts  the  designer  of  an  internal 
combustion  engine.  No  attempt  will  be  made  to  deal  with  all  the 
mechanical  considerations  which  have  to  be  taken  into  account. 
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since  anything  approaching  a  complete  treatise  on  this  subject  would 
be  far  too  lengthy  to  include  here  ;  moreover,  a  complete  knowledge 
is  by  no  means  available.  In  passing,  however,  it  may  be  remarked 
that  for  three-,  four-,  six-  and  eight-cylinder  engines  complete  mech- 
anical symmetry  is  im])ossible  if  only  one  carburettor  is  used. 

At  a  time  when  so  much  still  remains  to  be  learnt  as  to  the  con- 
ditions governing  distribution  in  a  niulti-cylinder  engine  it  would 
be  unwise  to  attempt  to  draw  too  many  conclusions  as  bo  the  influence 
of  the  nature  of  the  fuel  upon  distribution.  This  miich,  however, 
seems  to  be  fairly  clear,  namely,  that  the  uniformity  of  distribution, 
that  is,  the  uniformity  of  mixture  strength  supplied  to  each  indi- 
vidual cylinder  of  any  group  drawing  from  one  source  of  supply, 
depends  primarily  upon  the  design  of  the  induction  system  generally 
and  to  a  surprisingly  small  extent  upon  the  nature  of  the  fuel.  A 
really  well  designed  and  efficient  distribution  system  appears  to 
maintain  nearly  the  same  uniformity  of  mixture  strength  on  all 
fuels,  while  a  badly  designed  system  will  give  poor  results  on  all  fuels, 
though  its  defects  are  accentuated  by  a  fuel  of  low  volatility. 

It  is  concluded  from  observations  on  various  multi-cylinder  engines 
that  the  question  of  distribution  and  its  relation  to  the  fuel  must 
be  considered  from  two  independent  standpoints  : — ■ 

(1 )  The  uniformity  of  the  mixture  strength  supplied  to  each 
individual  cylinder  from  any  one  source  of  supply. 

(2)  The  uniformity  of  the  mixture  strength  delivered  to  the 
induction  system  as  a  whole. 

With  regard  to  the  first  of  these  points,  it  may  safely  be  accepted 
from  the  outset  that  the  mixture  entering  the  cylinder  under  almost 
all  conditions  of  running  consists  of  a  non-homogeneous  mixture 
of  air,  fuel  vapour  and  liquid  fuel.  Only  when  running  throttled, 
and  then  probably  only  after  the  induction  system  has  been  warmed 
by  previous  running,  can  it  be  assumed  that  the  charge  reaches  the 
inlet  valves  as  a  mixture  of  vapours  only. 

It  is  clear  that  since  both  the  liquid  fuel  and  the  air  are  travelling 
at  approximately  the  same  velocity  the  inertia  of  the  former  is  greater, 
and  that  to  avoid  inequality  of  supply  as  between  different  cylinders 
it  is  most  important  that  the  induction  system  shall  be  as  symmetrical 
as  ])ossible.  Provided  that  not  more  than  three  cylinders  are  draw- 
ing from  any  one  source  of  supply,  it  is  not  difficult  to  design  a 
reasonably  symmetrical  and  uniform  induction  system,  but  so  soon 
as  the  number  drawing  from  one  carburettor  exceeds  three  the 
difficulty  is  greatly  increased,  for  not  only  is  the  sequence  of  the 
induction  strokes  disturbed,  but  the  effective  induction  periods 
themselves  overlap. 

From  the  above  considerations  it  will  be  apparent  that  the  uni- 
formity of  distribution  as  between  individual  cylinders  is  mainly  a 
problem  of  induction-pipe  design,  and  only  in  a  secondary  degree 
is  it  affected  bv  the  nature  of  the  fuel.    The  extent  to  which  the  nature 
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of  the  fuel  influences  equality  of  distribution  is  most  difficult  to 
investigate  accurately.  No  suitable  apparatus  as  yet  exists  on 
which  the  behaviour  of  fuels  in  this  respect  can  be  fully  explored. 

5. — Influence  of  Fuel  on  Uniformity  of  Mixture. 

The  next  point  i:o  be  considered  is  the  influence  of  the  nature  of 
the  fuel  upon  the  uniformity  of  the  mixture  delivered  to  the  induction 
system  as  a  whole.  To  appreciate  tliis  problem  we  must  try  to 
visualise  the  changes  that  occur  in  the  induction  system  when  the 
load  is  varied.  What  occurs  in  any  manifold  appears  to  be  sub- 
stantially as  follows  : — 

When  the  engine  is  throttled  down  and  running  light  the  absolute 
pressure  in  the  induction  system  may  be  as  low  as  5  lb.  per  sq.  in., 
or  about  10  lb.  per  sq.  in.  below  atmospheric  pressure.  The  effect 
upon  the  liquid  fuel  is  exactly  as  if  its  mean  volatility  had  been 
suddenly  increased.  Its  latent  heat  is  practically  unaltered,  but  it 
will  tend  to  evaporate  at  a  much  lower  temperature.  The  latent 
heat  required  to  produce  vaporisation  is  obtained  partly  by  lowering 
the  temperature  of  the  small  quantity  of  air  that  is  drawn  in  under 
throttled  conditions,  but  also,  and  probably  chiefly,  by  conduction 
through  the  carburettor  and  induction  pipe.  If  now  the  throttle 
is  opened,  the  pressure  witliin  the  induction  system  rises  imme- 
diately, and  a  large  proportion  of  the  entering  fuel  is  precipitated 
on  the  previously  dry  walls.  Such  precipitation  then  continues  until 
the  walls  are  thoroughly  wetted,  the  thickness  of  the  layer  of  liquid 
depending  upon  the  design  of  the  system  generally,  also  upon  the 
temperature  of  the  walls  and  the  velocity  of  the  gases.  For  any 
given  design  of  system  the  lower  the  velocity,  and  therefore,  also,  the 
lower  the  engine  speed,  the  greater  the  thickness  of  the  layer  so 
formed.  Now  unless  the  carburettor  supplies  a  very  rich  mixture 
at  this  stage  the  cylinders  will  receive  only  a  weak  mixture  until  the 
requisite  layer  has  been  formed,  with  the  result  that  the  engine  will 
either  stop  altogether  or  will  fire  back  into  the  carburettor  due  to 
the  slow  burning.  If  now  the  carburettor  be  so  adjusted  as  to  supply 
under  these  conditions  a  mixture  sufficiently  rich  in  fuel,  not  only 
to  meet  the  condition  of  supplying  liquid  to  line  the  walls,  but,  at 
the  same  time,  to  supply  over  and  above  this  demand  sufficient  fuel 
to  form  a  combustible  mixture  in  the  cylinders,  it  follows  that  so  soon 
as  the  layer  has  been  formed  the  mixture  supplied  thereafter  will 
be  excessively  rich.  In  order  to  obviate  the  difficulty,  many  designers 
endeavour  to  raise  the  temperature  of  the  induction  system  so  as  to 
evaporate  at  once  any  fuel  which  may  be  precipitated  thereon. 

In  order  to  accomplish  this  result  with  most  fuels  of  low  mean 
volatility,  it  will  be  necessary  to  maintain  the  temperature  of  the 
walls  unnecessarily  liigh  for  ordinary  running.  This  clearly  will  have 
the  effect  of  decreasing  the  available  power  and  of  increasing  the 
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teiideucy  to  detonation  at  a  moment  when  detonation  is  most  liable 
to  occur. 

It  would  appear  to  be  far  preferable  to  accept  the  necessity  for  the 
formation  and  existence  of  a  layer  of  liquid  in  the  induction  system 
and  to  cater  for  its  immediate  formation  by  so  designing  the  car- 
burettor that  it  will,  immediately  the  throttle  is  opened,  supply  a 
good  gulp  of  liquid  fuel,  and  thereafter  continue  to  supply  mixture 
of  normal  strength.  In  such  carburettors  as  the  Zenith  or  the 
Claudel-Hobson  means  are  provided  for  supplying  a  sudden  gulp 
of  liquid,  which  has  collected  in  the  difiuser  or  compensating-jet 
chamber,  but  although  these  carburettors  are  designed  to  do  this, 
the  quantity  stored  up  and  delivered  suddenly  is  generally  quite 
insufficient  to  meet  the  needs  of  a  cool  induction  system  and  fuel  of 
of  low  volatility.  If  the  capacity  of  the  storage  well  or  diSuser  tube 
could  be  made  adjustable  it  would  probably  be  found  possible  to 
obtain  instant  acceleration  with  almost  any  petrol  and  without  the 
necessity  for  adding  more  heat  than  is  needed  to  prevent  freezing  in 
cold  weather.  This  conclusion  is  made  on  the  assumption  that  the 
system  is  such  that  equal  distribution  of  mixture  between  the 
cylinders  is  derived  without  the  addition  of  heat.  At  present,  it  is 
seldom  that  a  design  is  met  with  in  which  it  is  not  necessary  to  add 
considerable  heat  to  the  system  in  order  to  mitigate  the  consequences 
of  what  are,  in  fact,  defects  in  design.  It  would  appear  that  the 
efficiency  of  an  induction  system  may  be  gauged  by  the  amount  of 
heat  required. 

The  actual  experiments  carried  out  with  different  fuels  all  tended 
to  confirm  the  conclusions  arrived  at.  Tests  were  made  on  a  number 
of  different  multiple-cylinder  engines  with  good,  bad  and  indifferent 
induction  systems.  It  was  confirmed  that  those  engines  with  bad 
distribution  systems  gave  poor  results  on  all  fuels,  though  their  per- 
formance was  improved  by  the  use  of  the  more  volatile  fuels.  On 
the  other  hand,  engines  having  efficient  induction  systems  were 
affected  by  changes  of  fuel  volatility  to  a  very  small  degree. 

As  already  explained,  most  of  the  multi-cylinder  engines  employed 
for  this  research  proved  so  inefficient  and  so  sensitive  to  large  varia- 
tions in  friction,  etc.,  that  truly  comparative  results  were  seldom 
obtainable,  while  the  more  efficient  research  engines  having  each 
only  one  cylinder  naturally  could  not  be  utilised  on  the  problems  of 
distribution. 

While  many  experiments  have  been  made  and  a  great  many  data 
collected  as  to  the  variations  in  power,  output  and  efficiency  with 
various  fuels  when  used  in  multiple-cylinder  engines,  the  author  feels 
that  none  of  them  aresufticiently  reliable  to  justify  publication.  To 
obtain  reliable  information  on  this  subject  it  would  appear  to  be 
necessary  to  design  and  build  a  special  engine  equipped  with  several 
different  types  of  induction  system  and  all  the  features  necessary 
to  ensure  consistencv  of  runnins;,  which  is  the  first  essential  condition 
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of  any  reliable  scientific  tests.  Whether,  in  reference  to  motor  fuels, 
the  information  obtained  would  be  of  sufficient  value  to  warrant  the 
heavy  expense  of  such  an  undertaking  is,  in  the  author's  opinion, 
open  to  question.  Such  information,  however,  would  be  of  very 
great  value  to  the  designer  and  manufacturer  of  engines,  for  it  seems 
clear  that  the  problems  relating  to  distribution  are  problems  of  design 
in  the  first  place,  and  that  the  nature  of  the  fuel  plays  but  a  secondary 
])art.  As  a  piece  of  engine  research  it  is,  in  the  author's  opinion,  by 
far  the  most  urgent  and  imjiortant  of  any  which  could  be  undertaken 
at  the  present  day.  It  is  the  one  factor  about  which  least  at  present 
is  known,  while  it  exerts  a  more  powerful  influence  upon  the  per- 
formance of  an  engine  than  almost  any  other. 

6. — ^VoLUMETRic  Efficiency. 
Measurement  of  Air  Supflicd. 

To  commence  with,  it  will  be  well  to  define  what  is  meant  here  by 
volumetric  efficiency.  Volumetric  efficiency  is  defined  as  the  ratio 
of  the  weight  of  air  drawn  into  the  cylinder  per  cycle  to  the  weight 
of  air  at  0°  C.  temperature  and  at  29.92in.  of  mercury  pressure 
which  would  just  fill  the  volume  swept  by  the  piston  in  one  stroke. 

During  the  latter  period  of  the  fuel  research  means  have  been 
available  for  measuring  accurately  the  weight  of  air  taken  into  the 
engine.  Attempts  to  work  with  calibrated  orifices  proved  very  dis- 
appointing. They  yielded  somewhat  erratic  and  wholly  uncon- 
vincing results,  also  the  very  serious  difficulty  of  calibrating  the 
orifices  and  their  '"  sensitiveness  "  to  the  sharpness  of  the  edge 
rendered  this  method  of  measurement  unreliable.  In  order  to  obtain 
a  correct  value  for  the  mixture  strength  used,  and  a  correct  determina- 
tion of  the  efficiency  with  wliich  the  fuel  was  burnt,  it  was  essential 
to  provide  means  for  measuring  the  weight  of  air  taken  into  the  engine 
not  only  in  relative,  but  also  in  absolute  terms. 

After  much  consideration  it  was  decided  to  construct  a  gas  holder 
having  sufficient  capacity  to  supply  all  the  air  required  to  consume 
the  measured  quantity  of  fuel  at  the  weakest  possible  mixture 
strength.  The  details  of  this  arrangement  will  be  dealt  -with  later, 
see  pp.  211-213,  and  for  the  present  it  is  probably  sufficient 
to  state  that  means  are  now  provided  whereby  both  the 
number  of  cubic  feet  of  air  and  the  number  of  revolutions 
of  the  engine  during  the  consumption  of  a  measured  quantity 
of  fuel,  are  recorded  automatically  and  simultaneously,  the 
former  to  within  ±  one-fifth  of  a  cubic  foot,  and  the  latter 
to  within  i  4  revolutions.  The  air  from  the  gas  holder  passes 
on  its  way  to  the  carburettor  through  an  expansion  chamber  of 
B  cu.  ft.  capacity,  which  is  interposed  in  order  to  damp  out  oscilla- 
tions in  the  pipe.  The  temperature  as  it  jjasses  through  this  chamber 
is  measured  by  means  of  a  thermometer.    In  all  cases,  the  measure- 
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ments  recorded  here  of  air  consumption  and  of  volumetric  e&iciency 
are  reduced  to  terms  of  standard  temperature  and  pressure,  i.e., 
0°  C.  and  29 .  92in.  of  mercury. 

So  far  the  apparatus  has  been  in  operation  for  a  short  time  only,* 
but  the  following  tests  have  been  carried  out.  The  tests  on  volu- 
metric efficiency  referred  to  below  were  carried  out  with  a  different 
combustion  head  from  that  used  throughout  all  the  preceding  tests, 
this  new  head  being  the  one  employed  for  the  tests  on  alcohol  carried 
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Fig.   33. — Curves  showing  variations  of  volumetric  efficiency  and 
•I.M.E.P.  with  varying  mixture  strength.     (Compression-ratio  con- 
stant at  5  :    1  and  all  other  conditions  constant.) 


out  for  the  Empire  Motor  Fuels  Committee.  With  this  combustion 
head  both  the  mean  effective  pressure  and  the  thermal  efficiency  of 
the  engine  are  substantially  higher  than  with  the  head  used  pre- 
viously. It  will  be  observed,  for  instance,  that  in  Figs.  33,  34,  and  35 
the  mean  effective  pressure  under  any  given  set  of  conditions  is  much 
higher  than  that  recorded  hitherto  ;   this  difference,  however,  does 

*  Later  work  with  this  apparatus  was  described  in  a  paper  given  before 
the  S.A.E.,  entitled  "  Some  Recent  Research  Work  on  the  Internal  Com- 
bustion Engine."     See  Aiitcmobile  Engineer,  Sep.,  Oct.,  and  Nov.,  1922. 
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not  afiect  in  any  way  the  deductions  to  be  drawn  from  the  volu- 
metric efficiency  tests,  and  the  autlior  mentions  it  only  to  explain 
what  might  otherwise  appear  to  be  a  glaring  discrepancy.  The  tests 
which  have  been  made  are  as  follows  : — 

7. — Experiments  on  Volumetric  Efficiency, 

(1)  Tests  of  volumetric  efficiency  at  constant  mixture  strength 
with  constant  heating  and  at  varying  compression-ratios  on  petrol 
"  A  "  and  on  benzene. 

(2)  Tests  of  volumetric  efficiency  over  the  whole  available  range 
of  mixture  strength  with  compression-ratios  of  4  :  1  and  6:1. 


Mixture  slr8ngfh.(pcrcenfoqe  above  or  below  that 
giving  just  complete  combustion) 

Fig.    34. — Curves  showing  variations  of  volumetric  efificiency  and 
I.M.E.P.  with  varying  mixture  strengths.     (Compression -ratio  con- 
stant at  5  :    1  and  all  other  conditions  constant.) 

(3)  Tests  of  volumetric  efficiency  with  petrol  "  A''  and  with  95  Vol. 
per  cent  alcohol  at  a  constant  compression-ratio  and  constant  heating, 

(4)  Tests  of  volumetric  efficiency  with  constant  mixture  strength 
and  varying  heat  input  to  the  carburettor. 

(5)  Tests  of  volumetric  efficiency  with  liot  and  cold  cylinder  walls 
at  a  constant  compression-ratio  and  with  other  conditions  constant. 

When  dealing  with  power  output  the  author  referred  to  the  appa- 
rent  variation  in  volumetric  efficiency  at   different   compression- 
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ratios,  and  pointed  out  that  it  was  not  at  all  easy  to  explain  why  this 
should  occur.  That  it  was  the  volumetric  efficiency  alone  that  varied 
was  evident  from  the  following  considerations  : — 

(a)  With  increase  of  compression  the  thermal  ©fficiency  rose  at  a 
rate  in  excess  of  the  rise  in  mean  pressure. 

(6)  No  mechanical  or  external  temperature  conditions  were  in 
any  way  affected  by  the  change  in  compression-ratio. 

The  only  possible  inference  to  be  drawn  from  these  phenomena 
was  that  for  some  reason  the  volumetric  efficiency  became  less  as  the 
compression-ratio  Avas  raised.  The  data  obtained  from  recent  tests 
^^'ith  the  air-measuring  device  referred  to  above  confirm  that  this 
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is  actually  the  case.  From  Fig.  36  it  will  be  observed  that  direct  air 
measurements  under  identical  conditions  show  a  steady  fall  in  air 
consumption  as  the  compression-ratio  is  raised.  Every  care  was  taken 
to  ensure  that  neither  the  mixture  strength,  the  bemperature  of  the 
cylinder  jackets,  nor  the  rate  of  heat  input  to  the  carburettor  was 
varied. 

The  curve  shown  in  Fig.  33  illustrates  the  observed  variation  in 
volumetric  efficiency  over  a  wide  range  of  mixture  strength  for 
petrol  "  A."  As  might  be  anticipated,  the  variation  is  small.  It  is 
seen  that  the  volumetric  efficiency  is  at  a  minimum  when  the  mixture 
strength  is  that  giving  just  complete  combustion,  and  that  it  rises 
slightly  as  the  mixture  is  either  enriched  or  weakened  from  the 
normal ;  the  former  because  of  the  increased  proportion  of  liquid 
fuel  entering  the  cylinder  and  the  consequent  fall  in  suction  tempera- 
ture due  to  the  latent  heat  of  evaporation,  and  the  latter,  presumably. 
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b(!caiisi'  of  the  lower  surface,  temperature  of  tlie  head,  cylind(!r  walls 
and  piston  resulting  from  the  lower  flame  tem])erature  at  very  weak 
mixtures.  Fig.  34  shows  the  variation  in  indicated  mean  effective 
pressure  and  in  volumetric  efficiency  with  varying  mixture  strength 
for  petrol ""  A  "'  and  for  eth}^  alcohol  95  Vol.  per  cent.  It  is  seen  that 
the  increase  in  maximum  power  (as  shown  by  the  indicated  mean 
effective  pressure),  comparing  petrol  and  alcohol,  is  more  than  the 
increase  of  volumetric  efficiency  between  these  two  fuels.  This  is 
probably  to  be  explained  by  a  fact^  which  has  been  established  by 
previous  tests,  that  the  thermal  efficiency  with  alcohol  is  slightly 
higher  than  with  ])etrol.  The  rise  in  volumetric  efficiency  with  rich 
mixtures  is  clearly  shown  in  this  Figure,  particularly  in  the  case  of 
the  curve  for  alcohol,  indicating,  as  was  suggested  in  the  last  para- 
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Fig.  36. — C'luves  showing  variation  in  volumetric  efficiency  with 
different  compression-ratios.  (Constant  mixture  strength  giving 
just  complete  combustion.  S]:)eed  constant,  1500  revs,  per  minute. 
Jacket  temperatiu-e  constant,  60°  C.  Heating  to  air  intake  constant, 
0.056  B.Th.Us.  per  rev.     Fuel,  petrol  "  A.") 


graph,  that  the  rise  in  volumetric  efficiency  and  power  is  mainly  due 
to  the  extra  cooling  of  the  charge  by  evaporation. 

In  Fig.  35  is  shown  the  variation  of  volumetric  efficiency  and  maxi- 
mum indicated  mean  effective  pressure  when  the  heat  input  to  the 
carburettor  is  varied.  The  relation  between  volumetric  efficiency 
and  heat  input  w^as  found  to  be  substantially  the  same  for  any  of  the 
fuels  tested  with  the  exception  of  the  alcohols.  The  variations  in 
temperature  as  recorded  in  the  induction  pipe  due  to  differences  in 
volatility  of  fuel  appeared  to  have  no  influence  on  volumetric 
efficiency.  The  exception  provided  by  the  tests  on  ethyl  alcohol 
confirms  the  conclusion  arrived  at  previously  by  tests  on  power  out- 
put, namely,  that  the  whole  of  the  liquid,  with  a  fuel  of  very  high 
latent  heat,  is  not  evaporated  before  the  inlet  valve  closes,  and  the 
whole  of  the  theoretical  fall  in  suction  temperature  does  not  in 
practice  occur. 
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In  Fie.  37  is  shown  the  change  of  v^olumetric  efficiency  with 
different  tein):)eratures  in  the  water  jacket  of  the  cylinder.  It  will 
be  seen  that  an  increase  in  temperature  of  60  degrees  C.  caused  a  fall 
of  volumetric  efficiency  from  74.0  per  cent  to  72.2  per  cent.  Since 
the  mean  absolute  suction  temperature  must  have  been  approximately 
370°  C.  it  can  be  calculated  from  this  result  that  a  change  of  cylinder 
temperature  of  60  degrees  C.  caused  a  change  of  suction  tempera- 
ture of  a])proximately  12  degrees  C. 

Speaking  generally,  the  tests  at  present  carried  out  with  the  air- 
measuring  device  have  revealed  nothing  new,  but  they  have  served 
to  confirm  the  assumptions  made  previously  as  to  the  variations  in 
volumetric  efficiency  with  different  fuels,  different  compression- 
ratios,  and  different  temperature  conditions.  They  have  shown  also 
that  the  apparatus  may  be  relied  on  to  give  consistent  results,  and 
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Fi(i.    37.- — Curve   .sliowing   variation   of   volumetric   efficiency   with 
change  of  cylinder  temperature.     (Compression  5  :    1.     Other  con- 
ditions constant  as  for  Fig.  36.) 

have  demonstrated  that  certain  phenomena  which  yet  need  investiga- 
tion can  be  examined  by  the  use  of  the  variable-compression  engine 
with  this  addition. 

Conclusion. 


The  experimental  results  dealt  Avith  in  the  preceding  pages  give, 
as  far  as  possible,  a  general  summary  of  the  experience  gained  during 
rather  over  two  years"  constant  research. 

It  has  not.  of  course,  been  possible  to  deal  with  more  than  a  small 
proportion  of  the  experiments  carried  out,  but  every  effort  has  been 
made  to  select  those  which  have  led  to  the  formation  of  definite 
conclusions,  or  which  are  at  least  suggestive.  As  in  all  such  work, 
a  very  large  proportion  of  the  experiments  was  directed  merely 
to  confirming  the  results  of  previous  tests  ;  neither  time  nor  space 
will  permit  of  detailing  the  innumerable  check  tests  carried  out  with 
one  variable  altered  at  a  time,  nor,  indeed,  would  a  relation  of  all 
such  tests  be  of  much  general  interest.  It  will,  however,  be  well 
to  point  out  that  in  all  cases  where  a  result  was  obtained  which  did 
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not  at  first  sight  appear  to  fall  into  line  with  the  deductions  formed 
H't  the  time,  check  tests  were  taken  progressively  throughout  the 
whole  series  of  variables  until  the  particular  one,  the  influence  of 
which  was  being  exerted,  had  been  traced.  Except  in  a  few  instances 
where  samples  were  very  difficult  to  obtain,  and  only  very  small 
quantities  were  available,  all  the  results  quoted  in  the  previous 
]3ages  were  checked  again  and  again,  and  no  figures  have  been 
published  which  have  not  been  checked  and  repeated  to  within 
±0.5  per  cent  at  least  two  or  three, times.  In  order  that  the  readi-r 
may  have  the  opportunity  to  judge  for  himself  as  to  the  accuracy 
ctf  the  readings  obtained,  and  to  draw  his  own  conclusions  as  to  the 
nature  and  possible  influence  of  such  disturbing  factors  as  may 
remain,  and  which  might  affect  the  results,  the  apparatus  used  was 
described  at  the  commencement  of  this  volume. 


TABLE8. 
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Table  J. — Fuel  Data  for  Some  of 


Fuel. 


A. 


B. 


'  Vapour 

tensions, 

760  mm. 

Hg.  and 

0°  C. 


Petrols.  ' 

Aromatic  free • — 

"A    'petrol 28 

"  B  •'        ,,        86 

"(   ■'         54 

"D"        , 18 

••p]"        ,,        .- 70 

"  F  ■'         .,        68 

"  C;  "■        ,,        44 

„H"        17 


Viseosity 
at  20°  C. 

C.G.S. 

units. 


0.004 
0.005 
0.005 
0.005 
0.005 
0.005 
0.004 
0.005 
0.006 


D. 


j:. 


Latent 

heat  of 
6vapora 

tion,      ! 

B.Th.Us.l  B.Th.Us. 

per  lb.    I    per  lb. 


Calorific  value, 

exclu.sive  of 

latent  heat 

(lower  values). 


B.Th.Us. 
per  gal. 


133 
142 
140 
135 
132 
133 
134 

145 


19.080 
18,450 
18,890 
19,000 
18,770 
18,970 
19,130 

18,790 


137,000 
144,300 
136,000 
138,100 
142,600 
136,400 
134,700 

144,100 


No 


titavy  Fuels. 
Heavy  aromatic 


Kerosene . 


Paraffin  Series. 
Hexane  (80%) 
Heptane  (97%)       ..       .. 

Aromatic  Series. 
Benzene  (pure) 

Toluene  (99%)        ..       .. 
Xylene  (91%)  ..       .. 

Naphthene  Series. 
Cyclohexane  (93%) 
Hexahydrotoluene  (80%)j 
Hexahydroxylene  (60%) 

Alcohol  Group. 
Ethyl  alcohol  (98%) 

Methyl   alcohol   (purified 
wood  naplitha)    .  . 

Acetone 

Methylated  spirits 

Miscellaneous. 

Acetylene         

CS2    60%    aromatic    free 

50%  (by  volume) 
Ether  (dilute) 


45 
11.5 


26 


0.007 
0.010 


0.003 
0.004 


0.006 

0.006 
0.006 

0.006 


0 .012 


0.003 
0.010 


Gas 


185 


0.002 


136 

108 


156 
133 


151 
145 


156 
138 
133 


406 


239 

(454) 


145 

(229) 


17,900 
(approx.) 

19,000 
(approx.) 

19,250 
19,300 


fl7,330 

!  \  17,302 

i  /  17,580 

ji  17,522 

17,800 


158,500 
(approx.) 

154,400 
(approx.) 

131,900 
132,800 


1.53,200"! 
152,950/ 
153,000) 
152,500/ 
153,500 


18,800    ;    147,800 

18,760        146,200 

18,770    1    139,700 

approx.)  I  (approx.) 


(11,450 
\  11,480 


12,350 
(9.850) 


21,010 

10,620 
(13,350) 


91,4001 
91,600J 


98,440 
(81,000) 


105,600 
(98,000) 
(approx.) 


10 
11 


12 
13 


14 

15 

16 


20 

21 
■>■> 

23 

24 

25 
26 


Note, — (1)  Black  figures  are  estimated  from  approximate  composition. 

(2)  Where  two  values  are  given  bracketed,  the  one  underneath  is  the 

(3)  Final   boiling   point    of   petrol   is   always   a   somewhat    uncertain 
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he  Samples  Tested  (see  pp.  59,  61  and  99). 


F. 

U  (see  p.  130). 

H. 

J  (see  p.  130) 

1 

Temp. 

B 

oiling  point  (Eiij. 

ler  distillation)  per  cent  at 

rise  °C. 

8p.  gr. 

Final 

measured 

No. 

at 
1;V  C. 

deg.  C. 

in  induction 
pipe    with 

60=  C. 

80^  C. 

100°  C. 

120°  C. 

140°  C. 

160°  C. 

180°  C. 

std. 

heating. 

1 

0.718 

1 

16.0 

49 

72.0 

85.0 

93.0 

+    10.0 

2 

0.782 

— . 

— . 

15 

54.0 

83.0 

96.0 

164 

+    11.0 

3 

0.723 

4 

37.5 

79 

99.0 

— • 

— 

— 

126 

+     3.0 

4 

0.727 

. — 

11.5 

47 

79.0 

92.0 

98.5 

— 

160 

-f      7.0 

5 

0.760 

. — 

. — 

13 

66.0 

89.0 

97.5 

— 

166 

+    11.0 

6 

0.719 

2 

14.5 

43 

71.0 

86.0 

96.0 

— 

170 

+    10.5 

7 

0.704 

1 

27.0 

63 

86.5 

94.5 

— 

— . 

153 

+      5.3 

8 

0.750 

— 

7.0 

24 

47.0 

67.0 

81.5 

91 

210 

+    18.0 

9 

0.767 

— 

— 

7 

55.0 

83.0 

94.0 

— 

176 

+    12.0 

160°  C. 

180°  C. 

200°  C. 

220°  C. 

240=  C. 

260°  C. 

280°  C. 

1.0 

0.885 

8 

.30.0 

50 

65.0 

77.0 

90.0 

275 

+    28.0 

11 

0.813 

— 

22.0 

36 

50.0 

63.0 

76.0 

86 

300 

+    31.0 

0.685 
0.691 


0.884 

0.870 
0.862 


0.786 
0.780 
0.744 


0.829 
0.798 
0.821 


0.994 
0.735 


Range  of  boiling,  °  C. 
40       to     88 
98       to     98 


80       to     80 

110       to  ] 10 (approx. 
84       to  143 


80.  8  to     81 
95.5  to  101.2 
103       to  123 


56 


35 


0.0 
+     5.5 


7.3 


8 

0 

18 

0 

3 

3 

13 

0 
0 
5 

+      1.5 

-  8.5 

-  1.0 


more  recent,  and  is  probably  the  more  accurate  determination, 
quantity. 
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Tablk  11.— Fuel 


A. 

B. 

C. 

^- 

E. 

..   1 

1 

iiuato  comp 

osition 

In  variable -compression  en 

Appro.N 

Compression  at 

which  deto 

(p.  103). 

occurred  with   maximum 

Fuel.*! 

mixture   and  ignition  timing 

ComiJ.- 

Comp.- 

Paraffins, 

Aromatics, 

Napth's, 

Comp.- 

press., 

press. 

%  by  wt. 

%  by  wt. 

%  by  wt. 

ratio. 

lb.  per  sq. 
in  (gauge). 

temp., 
°C. 

No. 

Petrols. 

At.  free 

63.0 

1.7 

35.0 

4.85 

105.5 

392 

1 

"A"    . 

j       26.0 

39.0 

35.0 

0.0 

148.5 

430 

2 

"B"    . 

62.0 

14.9 

23.0 

5.7 

133.5 

422 

3 

"C"    . 

61.0 

8.5 

30.5 

5.25 

118.0 

407 

4 

"D"    . 

38.0 

14.6 

47.0 

5.35 

121.5 

410 

5 

"E"    . 

68.0 

11.3 

20.0 

4.7 

100.5 

387 

6 

"F"    . 

80.0 

4.3 

15.2 

5.05 

111.5 

400 

7 

"G"    . 

— 

7.5 

— 

4.55 

96.0 

381 

8 

"H"   . 

10.0 

4.8 

85.0 

5.9 

140.6 

428 

9 

Heav.  ar.      . 

— 

71.5 

— 

6.5 

163.5 

438 

10 

Ker.      . .      . 

— 

— 

— 

4.2 

86.0 

369 

11 

Par. 

Hex 77.0 

2.  7 

20.0 app. 

5.1 

113.5 

401 

12 

Hep 

100.0 
to  within 

0    '>°/ 

""" 

3.75 

72.0 

353 

13 

Ar. 

Ben 

Negligible 

98 

Negligible 

6.9* 

179.0* 

450* 

14 

Tol 

",, 

99 

,, 

>7.0 

>183.0 

>452 

15 

Xy 

— 

91 

4 

>7.0 

>183.0 

>452 

16 

Naph. 

Cy.  hex. 

— 

4.6 

93.0 

5.9* 

140.5* 

427 

17 

Hex.  tol.      . . 

— 

10.0 

78.0 

5.8 

136.5 

425 

18 

Hex.  xj'. 

— 

— 

60.0 

4.9 

107.0 

394 

19 

Paraf.  and 

01.                     01efine.s 

naphtli. 

Cracked        ..!        53.0 

I 

10.0 

37.0 

5.55 

128.0 

— 

20 

Al. 

Water 

Eth.  al. 

1.5 

— 

— 

>7.5 

>204.0 

>424 

21 

Moth.  al. 

Not 

fully    deter 

luined 

5.2* 

116.5* 

342* 

22 

Meth.  sp.      ..    7approx. 



— 

6.5* 

163.5* 

382* 

23 

Acet '          0..5 

Arora.  free 

>7.0 

>183.0 

— 

24 

Mit<c. 

by  vol. 

Eth.  50%     ..     2.5  app. 

50.0 

3.9 

77.0 

■ — • 

25 

Eth 5.0  app. 

— 

— 

(2.95) 

(47.5) 

305 

26 

Carb.dis.50%          — 

• — 

50.0 

5.15* 

115.0 

— 

27 

Garb.  dis.      . .  i          — 

■ — • 

— 

(5.4) 

(123.0) 

— 

28 

Notes. — The  sign  *  denotes  that  the  value  given  for  compression  could  not 

(  )  Where  values  are  given  in  brackets,  they  are  arrived  at  by 
these  fuels   with   aromatic  free  petrol. 

Column  F. — The  compression  temperatures  given  in  this  column  are 
to  the  latent  heat  of  evaporation  of  the  fuel  on  the  one  hand  and  a  constant 

ND  Signifies  that  there  was   no   detonation  up  to  the  limit  of  pressure 

SS  Cyclohexane  did  not  behave  normally  in  the  supercharging  engine.  In 
the  variable-compression  engine  exceeded  those  from  detonation  tests  made 

All  the  naphthenes,  however,  were  alike  in  that  there  was  a  greater  tendency 

t  For  full  particulars  of  the  fuels  see  Table  I. 
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Characteristics  (see  pp.  59,  110). 


14^ 


G. 

H. 

I. 

J. 

j\. 

L(p.  82,103). 

M. 

gine  (p.  82) 

In  supercharging 
engine  (p.  82). 

Ind. 
thermal 
effic'cy 

at 
highest 

X  n  c  >o    . -:. 

S -=   cj  "S     .,3 

nation 
power 
(p.  87). 

Ind.  mean 
pressure  at 
which  deto- 
nation 

Tolu'ne 

K  ^  c  ••  to  ■« 

No. 

Tol. 

per 

com- 

S  £   r-   °'g  ^ 

value, 

per 

cent. 

occvirred, 
lb.  per  sq. 
in.  (gauge). 

cent 

(p.  84, 

94). 

pression, 
per 
cent. 

C  -^  .i;  CO  K-, 

l-<  X,    T.    Oh-' 

sJ  f-^  •-•   ©  ce    II 
"7.^        3  to    II 

1 

0.0 

120.0 

0.0 

31.4 

83.7 

130.0 

88.4 

2 

38.0 

144.0 

33.0 

34.9 

93.0 

140.1 

95.3 

■•} 

28.0 

133.0 

18.0 

34.1 

91.0 

137.5 

93.5 

4 

13.5 

129.0 

13.0 

32.5 

86.7 

133.9 

91.0 

5 

16.5 

129.5 

14.0 

33.1 

88.3 

134.9 

91.7 

6 

-5.0 

117.0 

-4.5 

30.7 

81.8 

128.6 

87.5 

7 

6.5 

125.0 

7.5 

32.1 

85.6 

132.7 

90.2 

8 

-10.0 

115.0 

-7.5 

30.2 

80.5 

127.4 

86.6 

9 

35.0  , 

137.0 

24.0 

34.6 

92.2 

139.5 

94.8 

10 

55.0 

— 

— 

— 

— 

142.5 

96.9 

11 

—  22.0 

— 

■ — 

— ■ 

■ — 

123.0 

83.6 

12 

8.0 

124.5 

7.0 

32.4 

86.4 

133.1 

90.5 

13 

-37.0 

— 

— 

26.7 

71.2 

119.0 

81.0 

14 

(67) 

ND 

(66) 

37.2 

99.2 

146.5 

99.6 

15 

100.0 

ND 

100.0 

37.5 

100.0 

147.0 

100.0 

16 

(85) 

ND 

(83) 

37.3 

99.5 

146.8 

99.9 

17 

35.0 

148.0 

38. OSS 

34.9 

93.0 

139.2 

94.6 

18 

31.5 

140.0 

28.0 

34.3 

91.5 

137.9 

93.7 

19 

1.5 

121.5 

2.5 

31.5 

84.0 

130.0 

88.4 

20 

23.5 

— 



33.9 

90.4 

136.0 

92.5 

21 

>88.0 

ND 

(130) 

40.4 

107.9 

156.5 

106.4 

22 

. — 

35.0ap. 

93.3 

146.6 

99.6 

23 

— 

— 

— 

38.5aj). 

102.7 

155.  5 

105.8 

24 

>72.0 

XD 

(79) 

— 

— 

■ — 

■ — 

25 

-32.0 

_ 

_ 

_ 

26 

27 
28 

(—64) 

— 

— 

(19.5) 

52.0 

(116.5) 

79.2 

(18) 

(134.0) 

(20) 

— 

— 

— 

— 

be  exceeded  owing  to  pre-ignition  occvirring  before  audible  detonation, 
extrapolation    of    the    curves    obtained    from    tests    made    with    mixtures    of 

calculated,  taking  into  account  the  fall  or  rise  in  temperature  duo,  respectively, 

heat-input  of  65  B.Th.Us.  per  n.inute  on  the  other. 

obtainable  in  the  supercharging  engine. 

the  case  of  the  other  samples  of  naphthenes  the  toluen  b  values  arrived  at  from 

in  the  supercharging  engine. 

to  pre-ignition  than  with  the  aromatics.  L 
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Tabi-e  tit.— Fue 


A 

B. 

Calorific  (lower)  value  (ex- 

Calorific (lower)  value    (in- 

clusive of  latent  heat) 

cluding  latent  heat  at 

Fuel. 

(p. 

96). 

constant  volume). 

No. 

B.Th.Us. 

B.Th.Us. 

B.Th.Us. 

B.Th.Us. 

per  lb. 

per  gallon. 

per  lb. 

per  gallon. 

Petrols. 

Ar.  free 

19,080 

137,000 

19,200 

136,200 

1 

"A"      

18,450 

144,300 

18,580 

145,200 

2 

"B"      

18,890 

136,600 

19,020 

137,500 

3 

"C"       

19,000 

138,100 

19,120 

137,000 

4 

"D"      

18,770 

142,600 

18,890 

143,500 

5 

"E"      

18,970 

136,400 

19,090 

1.37,100 

6 

"F"       

19,130 

134,700 

19,250 

135,500 

7 

"G"      

— 

— 

^  — 

8 

"H"      

18,790 

144,100 

18,920 

145,000 

9 

"I"       

-- 

— 

— 

— 

10 

Heavy  Fuels. 

Heavy  ar 

17,900* 

158,500* 

18,030 

159,600 

11 

Kerosene 

19,000* 

154,400* 

19,100 

155,200 

12 

Par. 

Pen.  (normal ) 

19,600 

122,300 

19,740 

123,100 

!.■? 

Hex 

19,250 

131,900 

19,390 

132,900 

14 

Hep 

19,300 

132,800 

19,420 

134,100 

15 

Ar. 

Ben 

17,302 

152.950 

17,460 

154,200 

10 

Tol 

17,522 

152,500 

17,660 

153,600 

17 

Xy 

17,800 

153,500 

17,930 

154,500 

IS 

Xaph. 

Cy. hex 

18,800 

147,800 

18,940 

149,000 

lit 

Hex.  tol 

18,760 

146,200 

18,890 

147,200 

20 

Hex.  xy 

18,770* 

139,700* 

18,890 

140,600 

21 

01. 

Cracked 

18,400* 

139,400* 

18,540 

140,200 

22 

Al. 

Eth.  al.  (98.5%)  .. 

11,480 

91,600 

11,840 

94,r.o0 

23 

Eth.  al.  (95  Vol.  %) 

10,790 

88,000 

11,130 

92,000 

24 

Meth.  al 

9,630 

79,900 

10,030 

83,300 

25 

Metli.  sp 

10,200 

83,700 

10,580 

86,900 

26 

But.  al.  (Conil.)    .. 

— 

— 

— 

— 

27 

Ether     (50%     in 

i 

Petrol)        .  .       .  . 

16,700*     1 

121,300* 

16,830 

122,500 

28 

Carb.  dis.  (50%)   .. 

10,600 

105,400 

10,730 

106  600 

29 
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Characteristics. 


F. 


N'o. 


i  d  g  ®  £ 

=  —   >!  -p."- 

-    ;,    ^    O    O 
■■^    ■    '^    '-  '^ 

o  S  °  SO  s 
°'  c  ^  >  c 


1 

46.08 

2 

46.39 

3 

46.19 

4 

46.13 

5 

46.18 

6 

46.16 

7 

46.1 

8 

— 

9 

46.1 

10 

— 

11 

46.66 

12 

46.14 

13 

46.25 

14 

46.0 

15 

46.06 

16 

46.9 

17 

46.9 

IS 

46.7 

19 

46.08 

20 

46.04 

21 

46.1 

47.0 


23 

44.5 

24 

44.0 

25 

45.5* 

26 

44.0 

27 

— 

28 

46.4 

29 

40.2 

.  C  e3  3  S 


1.053 
1.038 
1.049 
1.052 
1.047 
1.051 
1.053 

1.048 


1.04 
1.06 


1.051 
1.051 
1.056 


1.013 
1.023 
1.03 


1.044 
1.047 
1.054 


1.054 


1.065 
1.065 
1.06* 
1.064 


1.06 
0.98 


S  S  <s  s  ^  £  ^ 


b       o 


_    ■       P-  r-"  .S    ~       . 

'^  »  fl  ^  -El  S  £ 


o  -^  tf  ; 


48.5 

48.15 

48.45 

48.53 

48.35 

48.51 

48.54 

48.31 


48.52 
48.91 


48.7 

48.35 

48.64 


47.51 
47.98 
48.1 


48.11 

48.2 

48.59 


49.54 


1    .    . 

.2  i  S 

5-5  Sod 

^i'i^ 

S  °  2  g  c  .-; 

fuel 
fit  f( 
mb 
.  99 

s  ^  ^  *-  -  «■■ 

-ti    <S  "2    B    6-    o 

<>.^ 

-3   OS  3   P   > 

f^^ 

15.05 

18.0 

14.3 

20.0 

14.7 

19.0 

14.8 

18.5 

14.6 

18.3 

14.9 

18.2 

15.0 

18.2 

14. 


13.8 
15.0 


15.2; 
15.2 
15.1 


13.2 
13.4 
13.6 


14.7 
14.7 
14.8 


14. S'* 


47.39 

8.9 

46.86 

8.4 

48.2* 

6.5 

46 .  82 

8.0* 

49.2 

13.0 

39.4 

10.8 

20.0 


19.8 
14.5 


21.0 
21.0 
18.0 


26.0 
22.5 
21.5 


21.5 
19.0 
18.0 


20.8 


85.0 

98.0 

140.0 

110.0 


22.0 
27.0 


*  Approximate!  V. 
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Tabi-e  IV.  (see  p.  87), 


A. 


Fuel. 


Self-ignition 

temperature 

as  determined 

!  by  adiabatic 

compression 

!  with  air  (°C.)- 


Self-ignition  temperature  at 
atmospheric  pressure  as 
determined  bv  Moore. 


With  air 

rc). 


Aromatic  free  petrol      353 

"  A"   petrol 367 

"B"     ,,  ..      ..      _ 

"C"      „  

"D"     ,,  

"E"      , 

"F"      „  

"G" 

"H"     ,,  

Heavy  aromatics 

Kerosene 

Paraffin  Series. 

Hexane,  80%  366 

Heptane,  pure         330 

Aromatic  Series. 

Benzene,  98%         419 

Toluene,  99%  42i 

Xylene,  91% 

Naphthene  Series. 

Cyclohexane,  93%         387 

Hexahydrotoluene,  78%       . .      . .  378 

Hexahydroxylene,  60% 

Alcohol  Group  and  Miscellaneous.' 

Ethyl  alcohol,  98%        514 

Methyl     alcohol     (piu'ified     wood 

naphtha)      457 

Methylated  spirits — 

Ether        256 

Carbon  disulphide           i  275 


272 


252 


566 

516  (90%) 

484  (Coml.) 


383 


518 


190 


347 


Column  A. — The  figures  given  in  this  column  are  the  temperatures  at  which 
samples  of  the  fuel  were  found  just  to  ignite  spontaneously  when  a  mixture  of 
fuel  and  air  of  a  strength  to  give  complete  combustion  was  suddenly  compressed, 
without  initial  turbulence,  the  ratio  of  compression  being  adjusted  until  self- 
ignition  just  occurred.  This  machine,  which  will  be  described  later,  has  only 
recently  been  brought  into  operation  and  some  uncertainty  still  exists  as  to  the 
true  value  for  the  exponent  of  the  compression  curve.  There  is  no  reason,  how- 
ever, to  doubt  the  relative  accuracy  of  these  figures. 

Columns  B  and  C. — The  figures  given  in  these  columns  are  taken  from  Mr. 
Harold  Moore's  paper  on  "  The  Spontaneous  Ignition  Temperatures  of  Liquid 
Fuels  for  Internal  Combustion  Engines,"  read  before  the  Society  of  Chemical 
Industry,  December  1st,  1916. 
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Table  V.  (see  pp.  100.  103). 


Xame  of  fuel. 


Total  energy  liberated  Relative    power    out- 
by  combustion,  ft. -lb.    put  allowing  for  in- 
per  std.  cu.  in.  (Col.  E  crease  in  density  due 
I         of  Table  III.)  to  evaporation. 

Octane  =  100. 


Paraffin  Series. 

Hexane 

Heptane         

Octane  

Xonane 

Decane  

Aromatic  Series. 

Benzene         

Toluene         

Xylene 

Naphthfne  Series. 
Cyclohexane 
Hexahydrotoluene 
Hexahydroxylene 

Olefine  Series. 

-Heptylene 

Decylene        

Alcohol  Group. 
Ethyl  alcohol 
Methyl  alcohol 

Miscellaneous. 

Ether     

Carbon  disulphide 

Acetylene 

Carbon  monoxide 
Hydrogen 


48.33* 

48.64 

48.73 

48.78 

48.82 


47.51 
47.98 
48.26 


48.11 
48.32 
48.49 


49.1 


47.4 
45.05 


49.98 

34.5 

51.85 

39.28 

33.9 


100.2 
100.1 
100.0 

99.4 


100.1 
100.0 
100.  e 


100. 0 
99.8 
99.8 


102 


120.0 
143.0 


107.0 
74 . 0 

101.0 
77.0 
66.0 


*  In  certain  cases  variations  will  be  found  between  the  figures  given  in  different 
Tables  under  the  same  heading,  due  to  the  fact  that  the  residts  are  taken  from 
from  different  tests.     The  differen':es  are.  however,  so  small  as  to  be  negligible. 


150 


THE   IXSTiTUTION   OF  AUTOMOBILE   ENGINEERS 
Table  VI.  (seep.  103). 


1      A. 

B. 

C. 

D. 

E. 

F. 

G. 

With  no  heat  to 

With65B.Th.Us. 

With  constant  re- 

Calcu- 

carbiu'ettor. 

per  minute 

cordec 

temp,  of 

lated 

Room  tempera- 

added. 

Room 

15° 

C.  inlet 

Fuel. 

figure 

ture  15°  C. 

temperature 

housing.     Room 

;      of 

Compression - 

15°  C. 

Comp.  - 

temperature  15°C. 

merit 

ratio  5:1. 

ratio  5:1. 

Comp.  5:1. 

for 

1  power 

Ind. 

Temp. 

-  Ind. 

Temp. 

Ind. 

Added 

output. 

mean 

°  C.  re- 

mean 

°C. 

mean 

heat 

Octane 

pres.. 

corded  in 

pres., 

inlet-v 

pres., 

requiied. 

=  100. 

lb.  per     inlet-v. 

lb.  per 

housing. 

lb.  per 

B.Th.Us. 

sq.  in.  1  ho\ising. 

sq.  in. 

sq.  in. 

per  min. 

Petrols. 

Ar.  free 

100.0 

139.5* 

10.0 

131.3* 

26.0 

136.5* 

24.7 

"A'^          ..      .. 

99.9 

139.6 

11.0 

131.2 

26.0 

137.2 

17.3 

•B'          ..      .. 

99.7 

139.8 

7.0 

131.5 

18.0 

133.9 

46.0 

"C" 

99.7 

139.5 

8.5 

131.0 

22.0 

135.0 

31.2 

"D"          ..      .. 

99.9 

139.7 

10.5 

131.2 

26.0 

137.1 

17.3 

"E"          ..      .. 

99.7 

139.5* 

11.0 

131.0* 

25.5 

136.3* 

22.5 

"F'           ..      .. 

100.3 

139.9 

8.0 

131.8 

20.3 

135.2 

37.0. 

"G"          ..      .. 

— 

139.6* 

15.0 

131.5* 

33.0 

139.5* 

— 

"H" 

99.7 

139.4 

11.5 

131.0 

27.0 

137.2 

14.3 

Heavy  ar. 

100.1 

— 

131.1 

43.0 

— 

— 

Kerosene    .  . 

99.5 

— 

130.7* 

48.0 

— 

~ 

Par.  Scries. 

j 

Hexane 

i   100.3 

140.1 

-2.5 

132.3 

15.0 

132.3 

65.0- 

Heptane     . . 

1     99.9 

139.5* 

8.5 

131.2* 

20.5 

135.5* 

34.7 

Ar.  Series. 

Benzene,  98%  .  . 

100.1 

139.8 

. — 

131.6 

7.7 

123.7 

130. 0 

Toluene,  99%    .. 

100.0 

139.5        11.0 

131.5 

23.0 

137.1 

21.7 

Xylene,  91%     .. 

100.3 

139.3 

17.0 

131.5 

33.0 



— 

Xapth  Series. 

Cy.  hex.,  93%  .. 

100.0 

139.6 

-1.0 

131.3 

12.0 

129.5 

80.  0> 

Hex.  tol.,78o/o  .. 

99.7 

139.5 

5.5 

131.0 

18.0 

132.8 

49.0 

Hex.  xy.,  60%  .  . 

99.7 

139.0* 

13.0 

130.8* 

28.5 

138.0* 

7.8 

Olefine  Series. 

Cracked  spirit    . . 

101.5 

139.8 

13.0 

131.6 

25.5 

138.0 

13.0 

Alcohol  Group. 

Ethyl  alcohol    .  . 

120.8 

135.2 

9.5 

137.8 

16.5 

139.3 

52.0 

Methyl  alcohol f 

_  . 

151.7 

-1.0 

144.8 

6.5 

135.5 

152.0 

Meth.  spirits 

132.6 

151.3 

6.5 

144.5 

14.0 

143.2 

76.0 

^Jiscellaneous. 

Ether,  50% 

103.2 

144.3* 

4.0 

136.0* 

16.0 

136.5* 

60.0 

Carb.    dis.,    50% 

83.2 

135.0 

-4.0 

124.5 

8.0 

■ — 

Note.--*  Indicates  that  o-wing  to  detonation  occurring  at  a  compression- 
ratio  5  :  1  the  value  given  is  calculated  from  the  observation  made  when  running; 
at  the  highest  usable  compre.ssion. 

t  Pvu-ified  naphtha. 
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Table  VII.  {see  p.  113). 


A. 

B. 

C. 

D. 

E. 

F. 

Fuel. 

> 

-  5  ^-  T 

.2  % 

pi 

-2    2    2;C 

O    O  JS—' 

E  Sa 

Has 

©  o    .  a, 

as  ^Z,^ 

3  S  e^ 

SlsH 

g56i 

Oo  oaq 

»    0 

o  o  0 

O     o 

Petrols. 

j 

At.  free 

(      19,080 

0.415* 

32.1 

133 

19,200 

31.9 

"A"      ..      .. 

18,450 

0.432 

31.9 

142 

18,580 

31.7 

"B"      ..      .. 

18,890 

0.423 

31.9 

140 

19,020 

31.7 

••c='     ..     .. 

19,000 

0.421 

31.8 

135 

19,120 

31.6 

■D''      ..      .. 

18,770 

0.422 

32.1 

132 

18,890 

31.9 

"E^'      ..      .. 

18,970 

0.421* 

31.9 

133 

19,090 

31.7 

•  F"      ..      .. 

19,130 

0.414 

32.1 

134 

19,250 

31.9 

"H"      ..      .. 

18,790 

0.425 

31.9 

145 

18,920 

31.7 

Heavy  ar. 

17,900 

0.510 

27. 8t 

136 

18,030 

27. 6t 

Kerosene 

I      19,000 

0.523* 

25. 6t 

108 

19,100 

25. 4t 

Paraffin. 

Hexane 

19,250 

0.411 

3--)   2 

156 

19,390 

32.0 

Heptane 

19,300 

0.410* 

32  !l 

133 

19,420 

31.9 

Aromatic. 

1 

Benzene 

j      17,300 

0.458 

32.1 

172 

17,460 

31.8 

Toluene 

!       17,520 

0.455 

31.9 

151 

17,660 

31.7 

Xylene  . . 

17,800 

0.4.52 

31.6 

145 

17,930 

31.4 

Naphthene. 

Cyclohexane    . 

'      18,800 

0.420 

32.1 

156 

18,940 

31.9 

Hex.  to]. 

18,760 

0.425 

31.9 

138 

18,890 

31.7 

Hex.  xy. 

18,770 

0.424* 

32.0 

133 

18,890 

31.8 

Olefine. 

t 

Cracked . . 

1      18,400§ 

0.429 

32.3 

150§ 

18,540 

32.0 

Alcohol . 

! 

Eth.al.,98.5% 

11,470 

0.063 

33.5 

406 

11,840 

32.4 

„  „  95  Vol.  % 

10,790 

0.705 

33.5 

442 

11,130 

32,5 

Meth.  al. 

9,630 

0.777 

34.0 

500§ 

10,030 

32.7 

Meth.  sp. 

'       10,200t 

0.740 

33.7 

450§ 

10,580 

32.5 

NoTKS. — *  This  sign  indicates  that  at  a  compression-ratio  of  5  :  I  the  fuel 
could  not  be  used  owing  to  detonation.  These  values  for  fuel  consumption  are 
therefore  calculated  from  the  readings  obtained  from  tests  made  with  lower 
compressions.  The  close  agreement  between  thermal  efficiencies  calculated  from 
these  results  clearly  shows  the  uniformity  of  the  relation  between  compression- 
ratio  and  thermal  efficiency  for  the  different  fuels  tested. 

t  The  low  thermal  efficiency  observed  for  these  fuels  is  quite  certainly  due  to 
non-combustion  of  a  portion  of  the  fuel,  which  probably  remains  liqviid  during 
the  working  stroke. 

X  The  calculated  heat  value  for   methylated  spirits  was  given  earlier  as  9850- 
under  a  misapprehension  as  to  the  water  content.    The  value  now  given,  namelj', 
10,200  B.Th.Us.  per  lb.,  is  probably  nearly  correct  for  the  ordinarj'  purple  variety 
of  this  specific  gravitj'. 
"■■"§  Approximatel}% 
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Table  XII. — Experimental  Results 


A  (p.  124). 


B  (p.  124). 


Fuel. 


Minimum  consump-  !  Minimum  consump- 
tion at  compression-         tion  at  highest 
ratio  of  5  :   1  per        useful  compression 
I.H.P.  per  hour.      |  per  I.H.P.  per  hour. 


lb. 


Petrols. 
Aromatic  free  petrol 0, 


"  A  "  petrol 

"B" 

"C" 

"D" 

"£'■ 

"F   ' 

"I' 


Heavy  Fuels. 
Heavy  aromatics 
Kerosene 


Paraffin  Series. 
Pentane  (normal) 

Hexane  (80%  pure) 0.411 

Heptane  (97%  pure) 0.410* 


415* 

432 

423 

421 

422 

421* 

414 

426 

425 

418* 


0.510 
0.523" 


Aromatic  Series. 
Benzene  (pure) 
Toluene  (99%  pure)     . 
Xylene  (91%  pure) 


Naphthene  Series. 
Cj'clohexane  (93%  pure)     .. 
Hexahydrotoluene  (80%)   .  . 
Hexahydroxjlene  (60%)     .. 

Oleftnes. 
Cracked  spirit  (53%  vmsat.) 

Alcohol  Group,  etc. 

Ethyl  alcohol  (98%) 

Ethyl  alcohol  (95  Vol.  %) 
Methyl  alcohol  (wood  naphtha). . 

Methylated  spirits        

Butyl  alcohol  (coml.) 

Ether  (50%  in  petrol)  ..       .. 

Carbon  disulp.  (50%) 


0.458 
0.455 
0.452 


0.420 
0.425 
0.424* 


0.429 


0.663 
0.705 
0.777 
0.740 
0.566 


Pints. 


0.462* 

0.442 

0.468 

0.463 

0.445 

0.469* 

0.471 

0.454 

0.443 

0.460* 


0.461 
0.515* 


0.480 
0.475^' 


0.415 
0.418 
0.420 


0.427 
0.436 
0.456* 


0.453 


0.665 
0.692 
0.750 
0.721 
0.550 


lb. 


0.422 
0.393 
0.393 
0.410 
0.4')7 
0.435 
0.412 
0.449 
0.389 
0.457 


0.447 
0.581 


0.405 
0.491 


0.392 
0.385 
0.381 


0.385 
0.394 
0.429 


0.405 


0 .  532 
0.565 
0.725 
0.625 
0.472 


Pints. 


0.471 
0.402 
0.435 
0.451 
0.428 
0.484 
0.469 
0.478 
0.405 
0.503 


0.404 
0.571 


0.473 
0.568 


0.355 
0.354 
0.354 


0.392 
0.404 
0.461 


0.428 


0.533 
0.555 
0.700 
0.609 
0.459 


Notes. — *  This  sign  indicates  that  the  values  are  only  calculated  since  these 
The  values  have  been  inserted  to  show  the  efficiency  and  power 
%  Approximate!}-. 
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3-2.0 


131.6 


10.5 


C. 

D. 

E  (p.  130). 

F. 

G. 

No. 

CS  -g   S  '-'=  -C  J2 

°.2|lMi 
>«  s  *  i'  h;  P 

;j— '  c  »  o3  p. 

5    - 

• "!   ®  "3   cS   C   £   !^ 
<§*   5   0   3   C 

2  ■ 

skills 

•::§■- o  g  o' 

a>  o  *^  >j  a  t* 

I 

31.9* 

131.3* 

+  10.0 

100. ot 

100. ot 

2 

31.7 

131.2 

-fl  1 . 0 

100. oi 

100. ot 

3 

31.7 

131.5 

+    3.0 

100. ot 

100. ot 

4 

31.6 

131.0 

+    7.0 

100. oi 

100. ot 

.5 

31.9 

131.2 

+  11.0 

100. ot 

100. ot 

.6 

31.7* 

131.0* 

+  10.5 

100. ot 

100. ot 

7 

31.9 

131.8 

+   5.3 

100.0 J 

100. ot 

8 

. — 

131.5* 

+  18.0 

— 

100. ot 

9 

31.7 

131.0 

-12.0 

100. OJ 

100. ot 

10 

— 

131.7* 

+  14.0 

— 

100. ot 

11 

27.6 

131.1 

+  28.0 

86.0 

100. ot 

12 

25.4* 

130.7* 

+  31.0 

80.0 

99-100 

13 

131.3 

100. ot 

14 

32.0 

132.3 

0 

100. ot 

100. ot 

15 

31.9* 

131.2* 

+    5.5 

100. ot 

100. ot 

16 

31.8 

131.6 

-    7.3 

100. Of 

100. ot 

17 

31.7 

131.5 

+   8.0 

100. Oj 

100. ot 

18 

31.4 

131.5 

+  18.0 

100. ot 

100. ot 

19 

31.9 

131.3 

-    3.0 

100. ot 

100. ot 

20 

31.7 

131.0 

+   3.0 

100. Of 

100. ot 

21 

31.8* 

130.8* 

-;  13.5 

100. ot 

100. ot 

100. ot 


100. ot 


32.4 

137.8 

+    1.5 

102.0 

105.0 

32.5 

142.0 

+    2.0 

102.5 

108.0 

32.7 

144.8 

-    8.5 

103.0 

110.0 

32.5 

144.5 

-    1.0 

102.5 

110. 0 

_ 

138.0 

+  10.0 

— 

105.0 

— 

136.0* 

+    1.0 

— 

103.5 

— 

124.5 

-    7.0 

— 

94.7 

fuels  could  not  be  tested  at  a  compression-ratio  of  5  :   1  owing  to  detonation 
obtained  relatively  to  the  other  fuels  if  used  at  the  same  compression. 
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Table  VIII.  (see  p.  122). 


A. 

B. 

C. 

D. 

E. 

Compression- 
ratio. 

Ind.  therm. 

efficiency, 

alcohol , 

)5  vol.  per  cent. 

Ind.  therm, 
efficiency, 
hydro- 
carbons. 

Relative 

efficiency, 

alcohol, 

95  vol.  per  cent. 

Relative 
efficiency, 
hydro- 
carbons. 

3.8  :    1 
5.0  :    1 
7.0   :    1 

26.8 
.12.5 
38.2 

26.3 
31.7 
37.4 

65.0            1 

68.5 

i 

70.7 

63.7 

06.8 
69.3 

Table  IX.  (see  p.  123). 


Fuel. 

Total  heat 

of  fuel, 

B.Th.Us. 

per  hour. 

] 

Heat  to            Heat  to 

I.H.P.         iacket  water.. 

B.Th.Us.      '    B.Th.Us. 

per  hovir.          per  hour. 

Heat  to 

exhaust,  etc., 

B.Th.Us. 

per  ho\ir. 

Petrol 

Alcohol,  95  vol.  per  cent. 

253,000 
275,000 

66,800               72,400 
73,900               67,200 

113,800 
133,900 

Table  X.  (seep.  126). 

A. 

B. 

C. 

D. 

S.G. 

at 

15°  C. 

Engler  distillation  per  cent  at 

Inlet 
temp. 

with  std. 

heating, 
°C. 

Vapoin- 

pressure 

at  zero 

C.  (mm.  of 

mercury). 

Fuel. 

!             1 
60°  C.  80°C.  100°C. 

i 
120°  C.  140°  C. 

Petrol  "  F  "  . . 
Heptane 

0.704 
0.691 

1          27         65 
Boils  at  98°  C. 

86.5      94.5 

20.3 
20.5 

68.0 
11.5 

Table  XI.  (see  p.  126). 


B. 


Fuel. 


Hexane 
Cyclohexane 
Benzene 
Ethyl  alcohol 
Ether      . .       . . 
Heptane (pure) 


Vapour  pres- 
Boiling  sure  at  zero  C. 
point  °  C.     mm.  mercurj'. 


69 
81 

80 
78 
35 
98 


C. 


D. 


45.0 

156 

27.5 

155 

26.0 

172 

12.7 

397 

185.0 

158 

11.5 

133 

Latent  heat         Air /fuel 

B.Th.Us.  ratio  by 

per  lb.        !      weight. 


15.20 
14.70 
13.20 
8.95 
11.14 
15.10 


SECTION  IIT. 


REPORT   OF   THE  EMPIRE  MOTOR    FUELS  COMMITTEE. 


TESTS   ON  95   VOL.    PER   CENT   ALCOHOL.* 


The  following  description  relates  to  the  series  of  tests  on  95  Vol. 
per  cent  alcohol  undertaken  for  the  Empire  Motor  Fuels  Committee. 
An  outline  of  the  scope  of  these  tests  was  given  at  the  commencement 
of  this  volume  (see  p.  62  ante).  The  research  apparatus  used  was 
substantially  the  same  as  that  employed  for  the  tests  already 
described,  with  the  exception  of  the  new  head  fitted  to  the  variable- 
compression  engine  (see  p.  135). 

Note  on  the  Calorific  Value  of  Alcohol  Sample. 

When  computing  the  thermal  efficiency  obtained  ^vith  alcohol 
we  have  taken  tlie  lower  effective  calorific  value  of  the  fuel  used  as 
11,130  B.Th.Us.  per  lb.,  or  11.330  B.Th.Us.  per  pint  at  15^  C,  and 
we  have  arrived  at  this  calorific  value  as  follows  : — • 

The  most  reliable  and  up-to-date  estimates  of  the  calorific  value 
of  pure  ethyl  alcohol  as  obtained  in  a  bomb  calorimeter  give  the 
lower  value,  after  deducting  the  latent  heat  of  evaporation  of  the 
water  formed,  as  11,640  B.Th.Us.  per  lb.  The  sample  used  for  these 
tests  contained  7.3  per  cent  by  w^eight  of  water,  so  that  the  lower 
heat  value  of  the  liquid  becomes  10,790  B.Th.Us.  per  lb.  When  the 
heat  value  is  determined  by  bomb  calorimeter  a  proportion  of  the 
heat  of  combustion  of  the  vapour  is  absorbed  in  overcoming  the 
latent  heat  of  evaporation  of  the  liquid  fuel.  When  used  in  an 
engine,  however,  the  whole  of  the  heat  of  evaporation  is  supplied 
in  part  by  preheating  the  fuel  before  its  entry  to  the  cylinder,  and 
in  part  by  contact  with  the  hot  cylinder  walls  and  still  hotter  residual 
i^xhaust  products,  while  any  liquid  still  remaining  is  evaporated 
during  the  compression  stroke  ;  hence  it  is  safe  to  assume  that  the 
whole  of  the  heat  required  for  evaporation  has  been  supplied  before 
combustion  takes  place,  that  is  to  say,  outside  the  thermal  cycle  of 
the  engine.  In  correcting  the  bomb  calorimeter  results,  the  latent 
heat  of  evaporation  at  constant  volume  must  be  taken  into  account, 
and  this  is  approximately  94  per  cent  of  the  latent  heat  at  constant 
pressure  as  usually  determined.  We  have  therefore  taken  the 
effective  lower  calorific  value  as  equal  to  the  bomb  calorimeter 
reading  plus  94  per  cent  of  the  latent  heat  of  evaporation  of  the 
fuel  {i.e.,  plus  340  B.Th.Us.  per  lb.),  or  11,130  B.Th.Us.  per  lb  net. 
In  arriving  at  the  effective  calorific  value  of  the  petrol  used  for  check 

*  Throiigliout  the  test  results  which  follow,  the  strength  of  alcohol  is 
always  expressed  in  Volumes  per  cent. 
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tests  we  Lave  followed  the  same  reasoning,  i.e.,  we  have  added  to 
the  measured  figure  of  the  heat  of  combustion  94  per  cent  of  the 
latent  heat  of  evaporation  of  the  fuel,  and  on  this  determination 
the  effective  calorific  value  of  ''  A  "  petrol  works  out  at  18,2C)0 
B.Th.Us.  per  pint  at  15°  C. 

In  all  cases  the  fuel  has  been  measured  by  volume  and  corrected 
for  a  temperature  of  15°  C. 

Explanation  of  Test  Sheets. 

The  readings  given  on  the  test  sheets,  pp.  163  to  191,  are  those 
actually  recorded  by  the  observers  during  the  test,  or  are  calculated 
from  them.  The  columns,  reading  from  left  to  right,  give  the 
following  data  : — 

Column  1. — The  revs,  per  minute  quoted  in  the  first  cokunn 
represent  the  actual  number  of  revolutions  recorded  by  the 
magnetically-operated  counter  during  the  consumption  of 
0.25  pint  of  fuel  and  corrected  to  60  seconds.  The  speed  of 
the  engine  is  maintained  approximately  constant  by  means  of 
the  hand-operated  rheostat  on  the  dynamometer  field  circuit, 
but  since  the  precise  number  of  revolutions  is  automatically 
recorded,  variations  in  speed  do  not  affect  the  accuracy  of 
observation,  for,  as  will  be  seen  from  the  test  results,  the  effi- 
ciency in  all  cases  is  virtually  constant  over  a  very  wide  range 
of  speed. 

Column  2. — The  figures  given  in  this  column  denote  the 
readings  of  the  spring  balance  on  the  dynamometer  torque  arm. 

Column  3. — The  figures  given  in  this  column  represent  the 
actual  torque  exerted  at  a  radius  of  36in.,  and  are  arrived  at  by 
deducting  the  reading  of  the  spring  balance  from  that  of  the 
dead  weight  on  the  torque  arm,  the  latter  being  given  above 
the  second  and  third  columns. 

Column  4. — The  figures  given  in  this  column  represent  the 
mean  effective  pressure  exerted  on  the  piston,  and  are  calculated 
from  the  measured  torque  and  the  internal  friction,  which 
latter  has  been  ascertained  frequently  under  varying  conditions 
of  temperature,  etc.,  and  which,  as  explained  previously,  is 
checked  during  or  at  the  conclusion  of  every  test.  In  all  cases 
the  indicated  mean  pressure  has  been  corrected  for  a  standard 
barometer  reading  of  29.9in.  Hg.  The  indicated  mean  pressure 
affords  the  most  accurate  and  convenient  expression  of  the 
power  developed,  since  it  is  not  influenced  by  variations  in 
speed. 

Column  5. — The  indicated  horse-power  quoted  in  this  colunui 
is  the  mean  indicated  horse-power  developed  during  the  con- 
sumption of  the  measured  quantity  of  fuel,  and  is  arrived  at 
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from  the  torque,  revolutions  aud  time  ;  these  figures,  therefore, 
are  not  corrected  for  barometer.  The  indicated  horse-power 
figures  quoted  in  the  heat-balance  sheets  are  the  same  as  on  the 
test  sheets,  but  corrected  for  speed  variations. 

Column  6. — The  water  outlet  temperature  is  measured  by- 
means  of  a  Centigrade  thermometer  fitted  in  the  water  outlet 
passage  from  the  cylinder  head. 

Column  7. — The  inlet  housing  temperature  is  taken  from  the 
readings  of  a  Centigrade  thermometer  fitted  in  an  insulated 
pocket  projecting  well  into  the  induction  pipe  close  to  its  junc- 
tion with  the  cylinder  head.  As  explained  previously,  these 
readings  are  of  doubtful  value  so  far  as  their  absolute  accuracy 
is  concerned,  but  relatively  they  are  very  instructive.  For 
example,  in  the  directly  comparable  tests  on  petrol  and  alcohol 
in  Series  I.  at  1500  revs,  per  minute,  when  the  heat-input  to 
the  carburettor  was  precisely  the  same  in  both  cases,  the  tem- 
perature readings  were  26 .0°  C.  aud  16.0^  C,  the  temperature  of 
the  surrounding  air,  in  both  cases,  being  approximately  14'^  C, 
showing  a  rise  in  temperature  with  the  same  heat-input  of 
12  degrees  C.  and  2  degrees  C.  respectively. 

Column  8. — These  temperatures  are  taken  from  a  thermo- 
meter suspended  near  the  air  intake  to  the  carburettor. 

Column  9. — The  ignition  settings  refer  to  the  readings  of  the 
long  pointer  mo^dng  over  a  dial  attached  to  the  contact-breaker, 
and  the  precise  point  at  which  contact  is  broken,  when  the 
pointer  is  at  3  on  the  dial,  is  stated  at  the  head  of  each  test 
sheet.  Each  division  on  the  dial  represents  8  degrees  of  the 
crankshaft ;  thus  if  contact  is  broken  at  28  degrees  before  top 
dead-centre  when  the  pointer  is  at  3,  this  will  occur  36  degrees 
early  when  the  pointer  is  at  4. 

Column  10. — This  represents  the  number  of  seconds  that 
elapse  during  the  consumption  of  the  measured  quantity  of  fuel. 

Column  11. — This  gives  the  fuel  consumption  in  terms  of 
pints  per  indicated  horse-power  per  hour  calculated  from 
Columns  5  and  10. 

Column  12. — In  this  column  is  recorded  the  voltage  across  thi^ 
heater  coils  in  the  air-intake  passage  to  the  carburettor.  Since 
the  resistance  of  these  coils  is  constant,  the  heat-input  is  j^ro- 
portional  to  fche  square  of  the  voltage.  In  all  cases  the  voltag^' 
is  adjusted  to  give  a  heat-input  proportional  to  the  speed  of  the 
engine  and  amoimting  to  0.0433  B.Th.Us.  per  revolution  per 
minute  (except  in  Series  IV.,  in  which  the  heat-in])ut  was 
increased  to  0.066  B.Th.Us.  per  revolution  per  minute),  a  rate 
of  heat-input  which  corresponds  very  approximately  to  that 
provided  by  an  average  water-warmed  induction  system. 
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The  brake  horse-power  (B.H.P.)  and  brake  mean  pressure  (Pb) 
developed  during  any  test  are  given  by  the  following  forniuliB  : — 

B.H.P.  =  IV  n  X  0.000571, 
Pb          =  3.556  «^ 

where  iv  equals  the  net  weight  on  the  torque  arm  as  given  in  Column! 
3  of  the  tests  sheets. 

Owing  to  the  very  large  valve  area  provided,  the  mean  pressure 
developed  in  this  engine  rises  with  increase  of  speed  and  only  reaches 
a  maximum  at  about  2000  revs,  per  minute,  corresponding  to  a  jiistoii 
speed  of  2666ft.  per  minute.  The  rise  in  torque  with  increase  of 
speed  is  not  truly  progressive  over  the  whole  range,  but  follows  a. 
slightly  waved  line,  as  shown  in  Fig.  43,  p.  197,  due  to  resonance  in  the 
exhaust  pipe.  For  the  same  reason  it  is  difficult  to  carry  out  steady 
tests  at  any  speed  below  about  975  revs,  per  minute  on  account  of 
the  steeply-rising  torque  curve,  which  renders  the  speed  control 
rather  troublesome.  Owing  to  the  resonance  effects  in  the  exhaust 
pipe,  both  the  power  output  and  efficiency  of  the  engine  are  very 
slightly  below  the  true  average  at  1500  revs,  per  minute.  This,, 
however,  has  the  effect  of  flattening  out  the  torque  curve  round  about 
this  speed,  and  so  both  renders  the  speed  control  easier,  and  at  the 
same  time  further  diminishes  any  slight  variations  in  torque  or 
efficiency  due  to  changes  of  speed. 

Notes  on  the  Test  Sheets  and  Curves. 

In  all  the  test  sheets  and  curves,  unless  otherwise  stated,  the  per- 
formance of  the  engine  both  as  regards  power  output  and  efficiency 
is  expressed  in  terms  of  the  ijidicated  horse-power,  mean  pressure  or 
consumption.  Experience  has  shown  that  when  expressed  in  these 
terms  the  results  are  more  readily  apjilicable  to  other  engines  of 
which  the  mechanical  efficiencies  vary  so  widely  as  frequently  ta 
mask  small  differences,  and  so  render  the  result  misleading. 

When  applying  the  data  obtained  to  other  engines  the  following 
circumstances  must  be  borne  in  mind  :— 

(1)  That  the  engine  used  for  these  experiments  has  a  quite 
exceptionally  high  thermal  efficiency. 

(2)  That  its  mechanical  efficiency  also  is  very  high  indeed. 

(3)  That  OAving  to  the  very  low  piston  friction,  it  is  far  less 
susceptible  to  changes  in  the  temperature  of  the  circulating, 
water  than  ordinary  engines. 

(4)  That  it  has  one  cylinder  only,  and  that  therefore  the 
problems  of  distribution  play  very  little  part  in  its  performance. 

On  some  of  the  test  sheets  the  check  results  obtained  on  petrol 
or  benzole  are  recorded,  together  with  the  observed  consumption. 
It  should  be  emphasised  that  the  figures  found  for  power  and  con- 
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sumption  during  the  check  tests  do  not  necessarily  represent  either 
the  maximum  power  obtainable  or  the  maximum  economy  ;  they 
represent  merely  the  power  obtained  at  a  certain  consumption  of 
fuel  and  are  compared  with  standard  curves  for  that  fuel.  In  most 
cases  the  cheek  tests  were  run  on  alcohol  alsO;  and  the  standard  fuels 
were  used  only  when  the  conditions  were  such  that  no  previous  data, 
were  available  with  alcohol.  In  these  check  tests  the  power  and 
consumption  under  certain  speed  and  temperature  conditions,  etc., 
n\ust  be  within  ±0.5  per  cent  of  that  obtained  during  the  calibration 
tests  of  the  engine  on  the  same  standard  fuel  and  under  the  sauK- 
conditions.  Check  tests  taken  at  the  commencement  of  a  series  of 
tests  are  expected  to  show  about  0 . 5  per  cent  less  ])ower  and  greater 
consumption  than  the  standard  calibration-tests,  while  those  taken 
at  the  end  of  a  series  when  the  engine  is  thoroughly  warmed  up 
should  be  equal  to,  or  may  be  very  slightly  superior  to,  the  standard 
figures. 

At  any  given  speed  the  power  output  and  consumption  arc 
expressed  in  terms  of  indicated  mean  pressure  plotted  on  a  horizontal 
scale,  and  fuel  consumption  on  a  vertical  scale.  The  curves  so 
obtained  are  generally  similar  in  form  in  all  cases  and  on  all  fuels,  but 
it  will  be  observed  that  on  alcohol  the  power  increases  slightly  as  the 
mixture  is  enriched,  and  that  this  increase  extends  over  a  very  much 
greater  range  on  alcohol  than  on  petrol  or  benzoic. 

Deviations  from  Test  Schedule. 

In  some  instances  it  has  been  found  necessary  to  deviate  very 
slightly  from  the  schedule  of  tests  agreed  upon  with  Dr.  Ormandy 
and  Mr.  Watson,  but  such  de\dations  as  we  have  made  do  not  affect 
the  programme  materially. 

Series  I.  called  for  a  series  of  power  and  consumption  tests  over 
the  whole  range  of  mixture  strength  at  compression-ratios  of  3 . 8  :  1 
and  7  :  1  and  at  piston  speeds  of  800,  1200,  1600  and  2000ft.  per 
minute.  We  found  that  we  could  not  obtain  really  accui-ate  readings 
at  a  piston  speed  of  800ft.  per  minute,  partly  because  of  the  natural 
characteristics  of  the  engine,  which  has  a  steeply-rising  torque  curve 
at  about  this  speed,  and  partly  because  we  could  not  supply  sufficient 
field  excitation  to  the  dynamometer  at  so  low  a  speed  and  still  retain 
a  sufiicient  reserve  for  adjustment  and  control,  particularly  when 
running  with  the  high  compression.  After  some  preliminary  runs 
we  decided  that  it  would  be  preferable  to  run  the  tests  at  mean  speeds 
of  975,  1300,  1500  and  1675  revs,  per  minute,  corresponding  to  j^iston 
speeds  of  1300,  1733,  20(30  and  2233ft.  per  minute  respectively. 
These  speeds  were  selected  because  they  were  found  to  be  the  most 
convenient  from  the  point  of  view  of  dynamometer  control. 

Series  II. — For  similar  reasons  we  ran  this  series  at  piston  speeds 
of  1250  and  2000ft.  per  minute,  as  against  1200  and  2000ft.  per  minute 
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in  the  scliedule.  AVe  did  not  carry  out  a  special  check  test  on  petrol 
ut  the  lower  speed,  because  w<!  found  tluit  we  had  ample  data  relating 
to  the  "  A  "  petrol  under  these  conditions,  from  which  we  were  able 
to  verify  that  the  behaviour  of  })etrol  and  alcohol  was  precisely  the 
jsame  at  the  lower  sjjeed  as  at  the  higher  speed. 

Series  II.  tests  were  all  run  with  a  compression-ratio  of  5.45  :  1 
instead  of  5  :  1,  as  originally  agreed.  Our  objects  in  using  the  higher 
compression-ratio  were  : — 

(a)  This  is  the  highest  compression  at  which  any  '"  pchol" 
now  on  the  market  can  be  used  in  this  engine. 

(b)  We  have  run  other  and  similar  tests  of  several  fui'ls  at 
this  ratio,  and  therefore  liave  a  large  amount  of  com|)arative 
data  available.    J 

Series  III. — We  had  not  sutticient  water  supply  to  reduce  the 
jacket  temperature  to  30°  C.  under  all  conditions,  and  therefore  had 
to  run  at  35°  C.  for  the  cold-jacket  tests.  Also,  we  could  not  maintain 
90°  C.  in  the  jackets  without  local  boiling,  and  an  irregular  flow  ; 
we  therefore  reduced  the  temperature  to  85°  C,  at  which  a  perfectly 
steady  flow  could  be  maintained. 

Series  IV. — We  considered  it  more  informative  to  express  the  heat 
input  to  the  carburettor  in  terms  of  B.Th.Us.  than  of  watts.  We 
therefore  ran  this  series  with  a  heat-input  of  100  B.Th.Us.  per 
minute  instead  of  2000  watts  ;  the  two  rates  are  very  nearly  the 
same,  but  we  thought  it  desirable,  while  changing  the  unit,  to  adhere 
to  round  numbers  where  possible. 

In  all  other  res2)ects  we  have  adhered  strictly  to  the  scliedule  of 
tests  agreed  upon  and  set  forth  on  p.  62  ante,  and  the  complete 
results  are  given  in  the  following  pages. 
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iSeries  I.     Tkst  No.    I. 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 
Compre-ssion-Ratio  3.8:  1. 
Air  Standard  Efficiency  41.4  per  cent. 

P«e/— Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.   0.815.      Mean  Temp.    loX'.  Barometer   30.22in. 

Ignition  I'ositiox  Xo.  3  =  28  deg.  early. 


Torque  at 

Temperature 

Fuel 

3ft. 

rad. 

°  C. 

consumption. 

Revs. 

W  = 

40  1b. 

Igni- 

Cnit vol 

.  Jpint. 

per 

niin. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Heat 

input 

Spring 

Nett 

Inlet 

Pint  per 

b.alance 

weight 

Water,  hous- 

Engine 

tion 

Seconds 

I.H.P. 

outlet 

ing 

room 

No. 

unit  vol. 

per  -hr. 

Volts 

1484 

7.0 

33.0 

134.5  32.0 

58.8 

14.0 

13.0 

3.6 

25.2 

1.115 

87.5 

1484 

6.9 

33.1 

135.0'  32.3 

59.7 

1  14.0 

13.0 

3.6 

27.0 

1.03 

1500 

7.4 

32.6 

133.5  32.4 

61.6 

14.2 

13.3 

3.6 

29.6 

0.937 

,^ 

1492 

8.0 

.32.0 

131.0  31.5 

63.1 

14.8 

13.3 

3.6 

32.0 

0.88 

^^ 

1484 

8.5 

31.5 

129.5,  31.0 

64.8 

15.0 

13.4 

4.0 

33.8 

0.858 

1492 

9.2 

30.8 

127.0  30.6 

65.3 

:  15.2 

13.5 

4.0 

35.1 

0.838 

1500 

10.2 

29.8 

124.0  29.8 

65.0 

15.3 

13.6 

4.3 

36.0 

0.838 

1496 

11.0 

29.0 

121.0  29.0 

64.3 

15.5 

13.7 

4.5 

37.1 

0.835 

1500 

12.0 

28.0 

117.5! 28.3 

63.5 

15.5 

13.8 

4.5 

37.8 

0.842 

,, 

1492 

14.7 

25.3 

108. 0;  25.9 

61.8 

15.5 

14.0 

5.0 

40.5 

0 .  857 

,, 

1505 

4.9 

4.9 

17.4^    — 

61.0 

^^ 

— 

— 

— 

Motorin 

g  test 

Heat-Balance  Sheet. 

Check  'rent  on  Ethyl  Alcohol.  Compression-Iiatiu   3.8  :  I. 

Lower  Calorific  Value  of  Fuel   11,330  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per  hour 

Heat 

Heat  to 

I.H.P. 

(corrected 

Heat  to 
I.H.P 

to 
cooling 

exhatiat 
radiation, 

Total  heat 

Heat 

Heat  to 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

•water 

Per  cent. 

Per  cent. 

Per  cent. 

32.3 

404,000 

81,300 

60,200 

20.2 

14.9 

64.9 

32.6 

384,000 

82,300 

60,800 

21.5 

15.8 

62.7 

32.4 

344.000 

82.500 

63.800 

23.9 

18.6 

57.5 

31.6 

314,000 

80,300 

65.300 

25.6 

20.8 

53.6 

31.4 

300,000 

79.000 

67,600 

26.3 

22.5 

51.2 

30.8 

291,000 

78.000 

67,900 

26.8 

23.3 

49.9 

29.8 

283,000 

76,000 

68,400 

26.9 

24.2 

48.9 

29.2 

275,000 

73,900 

67,200 

26.9 

24.4 

48.7 

28.3 

270,000 

72,200      ' 

66,000 

26.7 

24.5 

48.8 

26.0 

252,500 

66.100 

63,400 

26.2 

25.1 

48.7 
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SEiuEji  1.     Tkst  No.   2. 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compression -Ratio   3.8:  1. 

Air  Standard  Efficiency  41 .4  per  cent. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.   0.815.     Mean  Temp.    15'C.  Barometer  30.27in. 

Ignition  Position  No.  3  =  28  deg.  early. 


Torq 

ue  at 

\ 

• 
Temperature 

Fuel 

3ft. 

rad. 

°C. 

consumption. 

Revs. 

W  = 

40  1b. 

Igni- 

Unit vol.  Ipint. 

per 

I.M.    Ind. 

- 

tion 

1  Heat 

pun. 

Spring 

Nett 

E.P.    H.P. 

Inlet 

posi- 

Pint per!  input 

balance 

weight 

Water  hous- 

Engine 

tion 

Seconds 

I.H.P. 

outlet 

ing 

room 

Xo. 

unitvol. 

per  hr. 

j 

Volts 

1288 

7.8 

32.2    130.327.1 

51.3 

15.7 

14.2 

3.5 

26.6 

1.25 

82 

1288 

7.9 

32.1    130.127.05 

57.8 

15.  5 

14.2 

3.5 

26.6        1.25 

,. 

1304 

8.0 

32.0    129.827.2 

59.4 

15.5 

14.2 

3.5 

27.5 

1.20 

1284 

8.0 

32.0    129.8  26.8 

60.5 

15.7      14.1 

3.5 

29.0 

1.16 

,, 

1292 

8.3 

31.7    128.226.7 

62.4 

16.0 

14.1 

3.5 

33.0 

1.02 

^^ 

1308 

8.8 

31.2 

127.5:26.7 

65.2 

16.2 

14.1 

3.7 

36.3 

0.93 

1284 

9.8 

30.2 

124.0;25.4 

67.6 

16.6 

14.0 

3.8 

41.0 

0.865 

1288 

11.1 

28.9 

119.5,24.6 

68.5 

17.0 

14.2 

4.2 

44.5 

0;821 

jr 

1286 

12.6 

27.4 

113.523.4 

68.4 

17.2 

14.5 

4.5 

46.7 

0.825 

1290 

15.0 

25.0 

105.021.7 

66.7 

17.2 

14.8 

4.6 

49.3 

0 .  840 

1300 

4.45 

4.45 

1 

—        ■ — 

65.0 

— 

• — 

— 

■ — 

ilotorin 

g  test 

H£.4.t-Balasce  Sheet. 

Check  Teat  on  Ethyl  Alcohol.  Compression -Batio  3.8  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  15°C. 


I.H.P. 


B.Th.Us.  per  hour. 


(corrected  !  Total  heat  Heat  Heat  to 

to  1300  of  fuel  to  cooling 

r.p.m.)         supplied  I.H.P.  water 


Heat 

Heat  to 

Heat  to 

to 

exhaust 

I.H.P. 

cooling 

radiation 

water 

etc. 

Per  cent. 

Per  cent. 

I'cr  cent . 

27.3 

385,000 

69,200 



18.0 

— 

— 

27.25 

384,000 

69,000 

47,800 

18.0 

12.5 

09.5 

27.15 

371,000 

69,400 

49,600 

18.6 

13.4 

08.(1 

27.05 

352,500 

68,400 

50,700 

19.4 

14.4 

06.2 

26.9 

306,000 

68,100      j 

52,100 

22.3 

17.0 

00.7 

26.6 

293,000 

68,100 

55,000 

23.3 

18.8 

.57 . 9 

25.7 

252,500 

64,800      i 

56,800 

25.7 

22.0 

.-.1.7 

24.9 

229,000 

62,800      ; 

.-.8.000 

27.4 

25.3 

47.3 

23.6 

219,000 

59,700      , 

57,00) 

27.3 

26.0 

46.7 

21.9 

208,000 

55,400 

i 

56,000 

20.9 

20.9 

46.2 
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Series  I.     Test  Xo.   :). 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compression-Ratio  3.8  :  1. 

Air  Standard  Efficiency  41.4  per  cent. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.   0.815.     Mean  Temp.  15-4'C.  Barometer  30.29iii. 

Ignition  Position  Xo.  3  =  28  deg.  early. 


Torque   at 

i 

Temperature 

Fuel 

3ft. 

rad. 

°C. 

consumption. 

Revs. 

W  = 

40  lb. 

I.M.     Ind. 

Igni- 
tion 

Unit  vol.  \  pint. 

Heat 

inin. 

Spring 

■  X'ett 

E.P.  ;  H.P. 

Inlet 

posi- 

Pint per 

input 

balance  weight 

Water  hous- 

Engine 

tion 

Seconds  I.H.P. 

j 

outlet :  ing 

room 

No. 

unit  vol.;  per  hr. 

Volts 

1664 

6.5 

33 . 5 

138.5  37.0 

57.2      15.5 

14.9 

3.8 

24.2       1.00 

92 

1660 

6.7 

33 .  3 

137.5  36.7 

57.8     15.5 

15.0 

4.0 

26.0       0.922 

,, 

1660 

7.6 

32 . 4 

134.5  35.9 

59.5     15.5 

15.0 

4.0 

29.5       0.850 

,, 

1672 

9.0 

31.0 

129.5  34.8 

59.8     15.7 

15.0 

4.2 

31.0       0.835 

1674 

10.9 

29.1 

122.5  33.0 

58.3     15.5 

15.0 

4.6 

33.0       0.825 

1670 

13.0 

27.0 

115.0  31.1 

50.3      15.3 

15.0 

5.0 

34.8       0.830 

1680 

14.0 

25.4 

109.5'  29.4 

54.8      15.5 

15.0 

5.3 

.35.4       0.865 

167.5 

5.3 

5.3 

1 

55.0  ,    — 

1 

• — ■ 

" 

—       Motorin 

1 

g  test 

Heat-Bai.axce  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression-Ratio  3.8  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

(corrected 

Heat  to 
I.H.P. 

Total  heat 

Heat 

Heat  to 

coohng 

radiation. 

to  1675 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

•  water 

Per  cent. 

Per  cent. 

Per  cent. 

37.3 

418,000 

94,200 

72,500 

22.5 

17.3 

60.2 

37.0 

382,000 

93.400 

73.900 

24.4 

19.3 

56.3 

36.2 

345,000 

91.400 

76.400 

26.5 

22. 1 

51.4 

34.9 

329,  .500 

88.600 

78,000 

26.9 

23.7 

49.4 

33.0 

308,000 

84.0O(» 

7.5.500 

27.3 

24.5 

48.2 

31.2 

292,000 

79,200 

75,100 

27.1 

25.1 

47.8 

29.3 

287,000 

74.900 

69,5(10 

26.1 

24.2 

49.7 
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Seriks  1.     Tesc  Xo.   4. 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compression-Ratio    '.i.S:  1. 

Air  Standard  Effirioinj  41.4  jirr  ront. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.   0.815.      Mean  Temp.    15-0  C.  Barometer  .'JCiDin. 

Ignition  Position  Xo.  3  =  28  cleg,  early. 


1            '            ' 
Torque   at                                       Te 

upcrature 

Fnel 

3ft. 

rad. 

'  C. 

consumption. 

Revs. 

W  =  40  lb. 

Igni- 

Unit vol.  J-  pint. 

per 
inin. 

I  I  AI 

Ind. 
H.P. 

tion 
posi- 

TT«„ + 

Spring 

Xett  |E.P. 

Inlet 

Pint  per 

input 

balance 

weight 

Water 

hovis- 

Engine 

tion 

Seconds  I. H.P. 

o\itlet 

ing 

room 

Xo. 

unit  vol.  per  hr. 

17.0 

Volts 

996 

9.4 

30.6 

122.5 

19.6 

58.7 

15.0 

3.0 

36.2        1.27 

72 

984 

9.5 

30.5 

122.  2 

19.3 

58.9 

17.5 

15.0 

3.0 

37.1        1.2.-) 

985 

9.6 

30.4 

121.8 

19.2 

59.1 

17.7 

15.0 

3.0 

39.2        1.195 

988 

9.7 

30.3 

121.  5j  19.2 

61.0 

17.9 

15.2 

3.0 

41.8        1.112 

986 

9.9 

30.1    121.0 

19.1 

61.8 

18.2 

15.3 

3.2 

44.0        1.070 

980 

10.4 

29.6    118.5 

18.7 

64.6 

18.5 

15.3 

3.5 

52.3       0.920 

980 

11.5 

28.5    115.0 

18.1 

67.2 

18.5 

15.1 

3.5 

59.2       0.840 

975 

13.9 

26.1    106.5 

16.6 

67.7 

18.3 

15.0 

4.0 

65.0       0.835 

982 

15.0 

25.0    102.5 

16.1 

66.3 

18.2 

14.8 

4.0 

66.4       0.840 

975 

3.85 

3.85     —        —       60.0 

— 

— 

— 

—       IMotorin 

g  test 

He.at-Bat.ance  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression- Ratio  3.8  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per 

hour. 

Heat 

Heat  to 

I  H  P 

Heat  to 
I.H.P. 

to 
cooling 

exhaust 
radiation, 

(corrected 

Total  heat 

Heat 

Heat  to 

to  975 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

19.2 

281,000 

50,000 

38,000 

17.8 

13.5 

68.7 

19.1 

273,000 

49,200 

38,  .300 

18.0 

14.0 

68.it 

19.0 

259,000 

49.000 

39.500 

18.9 

15.2 

65.9 

18.9 

243,000 

49.000 

41,000 

20.2 

16.8 

63.0 

18.8 

231.000 

48,700 

41.600 

21.1 

18.0 

(10.9 

18.6 

194,500 

47,800 

43,600 

24.6 

22.4 

53.0 

18.0 

171,500 

46,200 

I        44,000 

26.9 

25.7 

48.4 

16.6 

156,800 

42,300 

1       44,100 

27.0 

28.2 

44.8 

16.0 

152,500 

41,100 

44,000 

26.9 

28.8 

44.3 

I 
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Series  I.     Test  Xo.   o. 

Elfect  of  Piston  Spsed  on  Power  Output  and  Efficiency. 

Compression-Ratio  7:1. 

Air  Standard  Efficiency  53.98  per  cent. 

Fuel— Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.   a..S1.5.      Mean  Temp.    U.flC.  Barometer  30.2»in. 

Ignition  Position  Xo.  3  =  28  cleg,  early. 


Torque  at 

Temperature 

Fuel 

3ft. 

rad.       j 

=  C. 

consumption. 

Revs. 

W  = 

48  lb. 

Igni- 

Unit vol.  }  pint. 

'  I^I 

Ind. 
H.P. 

tion 
posi- 

Heat 
input 

inin. 

Spring 

X'ett     E.P. 

Inlet 

Pint  per 

balance  weightl 

Waterihous- 

Engine 

tion 

Seconds 

I.H.P. 

outlet  1  ing 

room 

No. 

unit  vol. 

per  hr. 

1 

Volts 

1492 

5.6 

42.4    170.5 

41.0     53.2      15.5 

14.0 

2.  7 

23.8 

0.924 

88 

1484 

.").  7 

42.3  ,170.0 

40.7     54.4     15.5 

14.0 

2   7 

25.4 

0.872 

1480 

5.  7 

42.3    170.0 

40.6     55.8     15.5 

14.0 

2  7 

27.1 

0.819 

1500 

6.0 

42.0  1169.0 

40.9     57.0      15.6 

14.0 

2.  7 

29.4 

0.748 

1512 

6.6 

41.4    167.0 

40.7     61.0      15.8 

14.0 

2.  7 

33.6 

0.657 

1512 

7.  7 

40.3  il62.5 

39.6 

62.6     16.0 

14.0 

3.0 

36.8 

0.618 

1508 

9.4 

38.6    156.5 

38.2 

63.0     16.0 

14.0 

3.2 

39.5 

0.597 

1522 

11.0 

37.0  !l51.5 

37.0 

62.3  1  16.1 

14.2 

3.5 

40.8 

0.594 

1512 

12.9 

35.1   1144. 5 

35.2 

60.0  1  16.2 

14.2 

3.3 

43.6 

0.588 

1496 

15.1 

32.9    137.0 

32.9 

58.3     10.3 

14.3 

4.0 

46.2 

0.592 

1502 

5.6 

5.6  1    — 

1 

— 

59.0       — 

— 

— 

— 

Motorin 

g  test 

Heat-Balance  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression -Ratio  7  :  1. 

Lower  Calorific  Value  of  Fuel  11.330  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I  H  P 

Heat  to 
I.H.P. 

(corrected 

Total  heat 

Heat 

Heat  to 

cooling 

radiation. 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

.   water 

Per  cent. 

Per  cent. 

Per  cent. 

41..  3 

431,000 

104,300 

46.600 

24.2 

10.8 

65.0 

41.1 

404,000 

103,500 

47,100 

25.6 

11.7 

62.7 

41.1 

378,000 

103,400 

48,200 

27.4 

12.8 

59.8 

40.9 

347,000 

104,000 

50,700 

30.0 

14.6 

55.  4 

40.3 

292,000 

103,500 

53,600 

35.4 

18.3 

46.3 

39.3 

279,000 

100,800 

5.5.400 

36.  1 

19.9 

44.0 

38.0 

258.500 

98,300 

55,800 

37.6 

21.6 

40.8 

36.5 

250.500 

94.200 

55,800 

38.0 

22.  3 

39.7 

34.9 

228,000 

89.300 

54,300 

38.3 

23.8 

37.9 

33.0 

221.00U 

83.700 

49,800 

38.1 

22.  5 

39.4 

Uks 


THE    INSTITUTION    OF   AL' iO  MOIUI.K    EXOINEERS 


Seeies  I.     Test  Xo.  (i. 

Effect  of  Piston  Speed  on  Power  Output  and  EfEicieacy. 

Compression -Ratio   7:1. 
Air  Standard  Efficienctj  .">3.98  per  cent. 

J'MeZ— Ethyl  Alcohol  95  Vol.  per  cent. 

S.Q.   0.815.     Mean  Temp.  14- SH;.  Barometer  30.29in. 

Ignition  Position  No.  3  =  28  deg.  early. 


Revs, 
per 


1284 
1306 
1296 
1292 
1296 
1280 
1292 
1296 
1302 


Torque  at 

3ft.  rad. 

W  =  48  lb. 


Spring  I  Nett 
balance  weight 


I.M. 
E.P. 


'         Temperature       | 
°  C. 

j  Igni- 

Ind. -• j  tion 

H.P.I  :  Inlet  jposi- 

i  Water  hous-  Engine  i  tion 

;  I 

outlet  I   ing   I  room     Xo. 


Fuel  y 
consumption, 
pint. 


Unit  vol. 


7.0 


40 

4 

40 

3 

40 

1 

39 

U 

38 

7 

37 

2 

34.9 
33.2  j 
5.05 


1()2. 
101. 
100. 
158. 
155. 
150. 
142. 
136. 


33.5 
34.0 
33.5 
32.9 
32.4 
30.9 
29.5 
28.3 


58.4 
61.4 
64.4 
66.0 
67.0 
65.3 
63.4 
62.0 


16.5 
16.8 
17.0 
17.3 
17.5 
17.7 
17.6 
17.3 


Seconds 
unit  vol. 


14.3 

2.5 

14.2 

2.5 

14.0 

2.5 

14.0 

2.8 

14.0 

2.8 

14.0 

3.0 

14.0 

3.5 

14.0 

3.5 

28.8 
30.7 
37.0 
41.8 
44.8 
48.8 
52.0 
54.5 


Heat 


Pint  per,  input 
I.H.P.  I 
per  hr.  j 


Volts 


0.935 
0.862 
0.726 
0.655 
0.620 
0.597 
0.587 
0.586 
Motorin  g  tei 


Heat-Balaxce  Sheet. 


Check  Test  on  Ethyl  Alcohol.  Compression-Ratio  7:1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  1.5'^C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

(corrected 

Heat  to 
I.H.P. 

to 

cooling 

exhavist 
radiation. 

Total  heat 

Heat 

Heat  to 

to  1300 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

33.9 

355,000 

85.400 

42,000 

24.0 

11.8 

64*2 

33.9 

324,000 

86.600 

43,000 

20.  S 

t3.3 

.59.9 

33.7 

276.000 

85.400 

45,200 

30.9 

16.4 

-,2  7 

33.1 

246,000 

83,900 

47.000 

34.1 

19.2 

46.7 

32.5 

228.000 

82,600 

5U,700 

36.2 

22.3 

41.5 

31.4 

209,000 

78,800 

50,700 

37.7 

24.2 

38.] 

29.7 

197.000 

75.200 

47,800 

38.1 

24.3 

37.0 

28.4 

188,000 

72.200 

46,400 

38.2 

24.7 

37.1 

1 
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Series  I.     Test  Xo.   7. 
E!£ect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compi-essirdi -Ratio  7  :   1. 
Air  Standard  EjfirleiU'i/  53.98  per  cent. 

Fuel— Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.   0.815.     Mean  Temp.   14.7°C.  Barometer  30.29in. 

Ignition  Position  No.  3  =  28  deg.  early. 


Re\-s. 
per  1 


Torque  at 

3ft.  rad. 
W  =  48  lb. 

Spring  :  Nett 
balance  weight- 


Temperature 
"  C. 


Fuel 
consumption. 
Igni-    Unit  vol.  J  pint. 

I.M.  [find.  — ■-, tion  — • Heat 

E.P.  I  H.P.  I  Inlet  1  posi-  Pint  per  input 

Wateri  holts- Engine   tion   Seconds,  I. H.P. 
outlet:   ing   I  room     Xo.  lunitvol.  per  hr. 


1 

t 

Volts 

1744 

5.4 

42.6 

175.0  49.0 

54.8 

16.0 

14.0 

3.5 

26.1 

0.705 

92 

1652 

5.  7 

42.3 

174.0  46.2 

52.1 

15.6 

14.0 

3.5 

27.7 

0.703 

1620 

6.0 

42.0 

173. o'  44.9 

53.0 

15.6 

14.0 

3.5 

30.5 

0.658 

16.50 

6.6 

41.4 

170.5,  45.2 

51.3 

16.0 

14.0 

3.5 ; 

33.2 

0.600 

1708 

9.3 

38.7 

161.0  44.0 

50.0 

16.2 

14.2 

4.0  1 

35.1 

0.583 

1648 

12.7 

35.3 

148.0  .39.2 

54.0 

16.0 

14.1 

4.2 

40.2 

0.573 

1736 

2.8 

45.2 

184.0  51.2 

42.0 

10.0 

14.2 

3.5  ' 

24.9 

0.705 

1680  , 

6.. 

6.5 

i 

54.0 

~" 

— 

— 

• — 

*^Iotori 

ng  test 

*  Xo-heat,  ricli-inixtiire  test  for  maximum  power  output  only. 

Remarks. — Te.sts  for  power  output  and  efficiency  on  alcohol  at  high  speeds. 
Engine  speed  difficult  to  control  within  close  limits,  owing  to  the  power  output  being 
beyond  the  usual  range  of  the  apparatus.  A  single  test  was  made  for  maximum  power 
output  without  any  heating  to  carburettor,  and  with  a  fairly  rich  mixture.  X'o 
readings  of  heat-loss  to  jacket  water  could  be  taken  during  these  tests  for  reasons 
tated  above. 
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Series  I.     Tiosr   No.    8. 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Coiiipression-Kutio    7  :   1. 
.4//-  Statidanl  Efficiency  53.98  per  cent. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.O.  0.815.     Mean  Temp.    14.6'C.  Barometer  3i).29iii. 

Ignition  Position  Xo.  3=28  tlcg.  early. 


Torque  at 
!        3ft.  rad. 
Revs.'     W  =  48  1b. 
per 
nun. 


Spring     Nett 
balance  weight 


960 

9.0     j 

1008 

9.0 

970 

9.1 

980 

9.4 

982 

9.7     1 

990* 

9.8 

990 

10.5     , 

978 

11.7 

964 

13.4 

980 

14.3     1 

986 

15.6 

977 

4.35 

I.M. 
E.P. 


Ind. 
H.P. 


39.0 
39.0 
38.9 

38.6  ! 
38.3  i 
38.2 

37.5 
36.3 
34.0 

33.7  I 
32.4 

4.35' 


154.0 
154.0 
153.7 
152.5 
151.2 
151. Oj 

149.0 
144.5 
139.0 
135.5 
130.5 


23.9 
25.0 
24.2 
24.1 
23.9 
24.1 


Temperature 
°C. 


Inlet  I 
Water  hous-jEngine 
otitlet '   ing   I  room 


54.6 
55.  6 
57.4 
59.5 
61.0 
62.7 


23.7 

64.8 

22.7     65.9 

21.9 

65.0 

,21.4 

64.4 

'  20.7 

61.7 

1    - 

63.0 

17. 
17. 
18. 
17. 
18. 
18. 

18. 
18. 
18. 
18. 
18. 


14.0 
14.0 
14.0 
14.0 
14.0 
14.0 

14.2 
14.2 
14.0 
13.8 
13.8 


Fuel 
consumption, 
pint. 


Unit  vol. 


Igni- 

I  tion 

posi-  j  iPint  per 

tion  Seconds!  I. H.P. 
No.   lUnitvol.  per  hr. 


Heat 
input 


41.7 
42.4 
47.  1 
50.6 
52.8 
51.9* 

59.6 
63.9 
66.8 
69.8 
73.2 


!  Volts 
0.900  '  72 
0.850 
0.790 
0.740 
0.714 
0.719 

0.637         72 
0.620 
0.613 
0.602 

0.596  I      ,. 
ilotorin  g  test 


♦Check 
test 


Heat-B.\lakce  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression-Ratio 

Lower  Calorific  Value  of  Fuel  11.330  B.Th.Us.  per  pint  at  15^C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I  H  P 

Heat  to 
I.H.P. 

to 
cooling 

exhaust 
radiation. 

((•orrected 

Total  heat 

Heat 

Heat  to 

to  975 

of  fuel 

to 

cooling 

water 

etc. 

r.p.ni.) 

supplied 

T.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

24.3 

244,000 

61,000 

33,600 

25.0 

13.8 

61.2 

24.3 

241,000 

63,700 

34,000 

26.5 

14.2 

59.3 

24.25 

217,500 

61,700 

36,000 

28.4 

16.6 

55.0 

24.05 

202,000 

61,400 

37,500 

30.4 

18.5 

51.1 

23.95 

193,500 

60,800 

38,500 

31.4 

19.9 

49.7 

23.85 

196,500 

61,400 

39,100 

31.3 

19.9 

48.8 

23.55 

171,500 

60,400 

40,000 

35.2 

23.3 

41.5 

22.8 

160,000 

57,900 

40,200 

36.2 

25.1 

38.7 

22.0 

15  2,  .500 

55,800 

40,400 

36.6 

26.4 

37.0 

21.4 

146,000 

54,600 

39,700 

37.4 

27.2 

35.4 

20.6 

140,500 

52,700 

38,200 

37.6 

27.2 

35.2 
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Skries  I.     Test  Check   "  a.'' 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compression-Ratio  3.8:  1. 

Air  Standard  Efficiency  41.4  per  cent. 

f-i/e/— Petrol  'A.' 

S.G.   0.782.     -l/eoH  Tewip.  14.8°C.  Barometer   30.2in. 

Ignition  Position  Xo.  3.2  =  28  deg.  early. 


Torqu?  at 
.3ft.  nul. 
Revs.      \V  =  32  lb. 

per I.M. 

min.    Spring     Xett     E.P. 
,  balance  weight 


Ind. 

H.r. 


Temperature 
"  C. 


Inlet 


Igni- 
tion 
posi- 


Fuel 

consumption. 

Unit  vol.  l  pint. 


Heat 


Pint  per  input 
Water  hous- Engine   tion   Seconds  I.H.P. 
outlet '   ing   ,  room      Xo.    unitvol.  per  hr. 


1 

i 

Volts 

1508 

3.2 

i   28.8 

119 

e: 

29.0 

61 

35 

25.  2 

14. 

0 

3.5 

55.  5 

0.57         87.5 

1512 

4.0 

28.0 

116 

8 

28.4 

61 

7 

25.0 

14 

0 

3.7 

.58.3 

0.543 

1504 

5.(S 

:    26.4 

111 

0 

26.9 

60 

7 

25.  5 

14 

2 

3.9 

62 . 0 

0.540 

1516 

(i.l 

25.9 

109 

5 

26.6 

59 

8 

26.0 

14 

2 

4.3 

62.8 

0.537 

1514 

6.6 

j   25.4 

107 

5 

26.2 

59 

8 

26.0 

14 

li 

4.5 

64.0 

0 .  537 

1.508 

8.0 

!   24.0 

102 

5 

24.8 

58 

6 

26.5 

14 

2 

4.5 

65.4 

0 .  554 

1496 

9.4 

i   22.6 

97 

7 

23.5 

57 

25 

26.8 

14 

2 

5.0 

68.6 

0.560 

1500 

4.9 

1      4.9 

i 

17 

4 

— 

60 

0 

— 

- 

— 

— 

Motorin  g  test 

1 

Remarks. — Tests  for  efficiency  and  jacket  losses  on  petrol  at  varjnng  speeds  with 
a  compression-ratio  of  3.  8  :  1  for  comparison  ^vith  similar  tests  on  ethyl  alcohol. 


Heat-Balaxce  Sheet. 

Check  Test  on  I'etrol  "  A."'  Conipression-Natio  3.8  :  1. 

Loicer  Calorific  Value  oj  Fuel  18,200  B.Th.Us.  per  pint  at  15''C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

-    Heat  to 

to 

exhaust 

(corrected 

Total  heat  i 

Heat 

Heat  to 

I.H.P. 

cooling 

radiation. 

to  1500 

of  fuel 

to 

'  cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

{  Per  cent. 

Per  cent. 

28.9 

302,000 

74.000 

75.100 

j       24.6 

24.9 

50.5 

28.2 

283.500 

72.400 

75.500 

!       25.8 

26.6 

47.6 

26.8 

265.000 

68.600 

74.800 

25.9 

28.2 

45.9 

26.3 

259,000 

67.800 

72.400 

26.1 

28.0 

45.9 

25.9 

253,000 

66,800 

72.400 

26.1 

28.6 

45.3 

24.6 

250,000 

6.3.300 

72.200 

25.3 

28.9 

45.8 

23.6 

240,000 

59.900 

69,000 

25.0 

28.8 

46.2 

THK    IX.STITUTIOX    OK    AUTUMOlilLK    KXGI.VEKR^ 


Seki±;.s  I.     Test  Check  "  6." 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compression-Ratio   3.8:  1. 

Air  Standard  Efficiency  41.4  p'^r  cent. 

Fuel — Petrol  ''  A." 

S.G.   0.782.     Mean  Temp.    14-8°C.  Barometer  30.2in. 

Ignition  Position  Xo.  3.2  =  28  deg.  early. 


Revs, 
per 

min. 

Torque  at 

3ft.  rad. 

W  =  32  lb. 

I.M. 
E.P. 

Ind. 
H.P. 

Temperature 
^  C. 

Inlet 
Water  hous-! Engine 
outlet     ing   ,  room 

Igni- 
tion 
posi- 
tion 
Xo. 

Fuel 

consumption. 

Unit  vol.  J  pint.  ~ 

tr„„^ 

Spring 
balance 

Xett 
weight 

Pint  per 
Seconds  I.H.P. 
unit  vol.'  jier  hr. 

input 

1676 

4.8 

27.2 

115.5 

31.1 

\ 
62.2     26.01    14.3 

4.5 

54.7 

Volts 
0.532  1     92 

1674 
1668 

4.8 
2.8 

27.2 
29.2 

115.5 
122.5 

31.1 
32.8 

64.271  25.0     14.5 
66.75  25.5!    14.4 

4.5 
4.5 

54.9 
51.4 

0.530 
0.535 

1680 

5.3 

5.3 

18.9 

— 

66.0       —    j     — 

i 

— 

— 

Motorin 

g  test 

Remaeks. — Tests  for  efficiency  and  jacket  los.ses  on  j^etrol  at  varying  .speeds 
with  a  corapre.^sion-ratio  of  3 .  8  :  1  for  comparison  with  similar  tests  on  ethyl  alcohol. 


Heat-Balance  Sheet. 

Check  Tesi  on  Petrol  '"  A.'  Compression-Ratio  3.8  :  1. 

Lower  Calorific  Value  of  Fuel  18,200  B.Th.Us.  per  pint  at  15°C. 


I.H.P. 

(corrected 

to  1675 

r.p.m.) 


31.1 
31.1 
32.9 


B.Th.Us.  per  hour. 


Total  heat 

of  fuel 

stipplied 


301,500 
299,500 
321,000 


Heat 


I.H.P 


79,300 
79,300 
83,900 


Heat  to 
cooling 
water 


Heat  to 
I.H.P. 


Heat 

to 
cooling 
water 


Heat  to 

exhaust 

radiation, 

etc. 


Per  cent.  |  Per  cen^.      Per  cent. 


75,500 
77,000 
81,000 


26.3 
26.4 
20.2 


48.5 
47.8 
48.5 
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Series  I.      Test  Check   "•c." 

Effect  of  Piston  Speed  on  Power  Output  and  Efficiency. 

Compression-Ratio   3.8:  1. 

-4(>  Standard  Efficiency  41.4  per  cent. 

i"M£/— Petrol  ■■  A.  ' 

S.G.  0.782.     Jlean  Ttnip.    14.8'C  Barometer  30.2iu 

Ignition  Position  Xo.  3.2  =  28  deg.  early. 


Revs. 


Torque  at 

3ft.  rad. 

W  =  32  lb. 


Temperature 
°C. 


Fuel 
consumption, 
pint. 


Unit  vol. 


per 
min. 

Spring 

Xett 

l.M.  .  Ind. 
E.P.    H.P. 

Inlet  i 

tion 
posi- 

  Heat 

Pint  per  input 

balance 

weight 

Water 

hous-!  Engine 

tion 

Seconds 

I.H.P. 

i 

outlet 

ing   j  room 

No. 

unit  vol. 

per  hr. 

Volts 

972 

3.9 

28.1 

113. .J   17.7 

61.15 

25.0     14.0 

3.0 

80.7 

0.63           72 

972 

4.1 

27.9 

112.5  17.6 

62.3 

25.5     13.5 

3.2 

87.7 

0.584  i 

976 

4.6 

27.4 

110.9  17.4 

63.9 

25.9     14.2 

3.2 

93.9 

0.55 

976 

5.2 

26.8 

108.7 17.03 

64.35 

26.5     13.8 

3.3 

97.9 

0.54 

976 

6.7 

25.3 

103.516.2 

63.55 

26.7     14.0 

3.3 

102.4 

0.54 

970 

8.8 

23.2 

95.915.0 

62.8 

26.9     13.9 

3.5 

109.8 

0.55        ; 

975 

3.8 

3.8 

14.5     — 

62.0 

—         — 

— 

— 

Motorin  g  test 

Remabks. — Tests  for  efficiency  and  jacket  losses  on  petrol  at  varying  speeds  with 
a  compression-ratio  of  3.  8  :  1  for  comparison  with  similar  tests  on  ethyl  alcohol. 


He.it-Baeance  Sheet. 

Check  Test  on  Petrol  ""  A."  Compression -Ratio  3.8  :  1. 

Lotcer  Calorific  Value  of  Fuel  18.200  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

Heat  to 

to 

exhaust 

(corrected 

Total  heat 

Heat 

Heat  to 

I.H.P. 

cooling 

radiation, 

to  975 

of  fuel 

to 

'  cooling 

water 

etc. 

r.p.m.) 

.supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

17.75 

203,000 

45,200 

48,300 

22.2 

23.8 

54.0 

17.65 

187,500 

44,900 

49,000 

24.0 

26.2 

49.8 

17.4 

174,100 

44,400 

50.900 

25.5 

29.2 

45.3 

17.03 

168,000 

43,400 

51,000 

25.9 

30.4 

43.7 

16.2 

160,000 

41,300 

49,500 

25.9 

30.9 

43.2 

15.1 

150,500 

38,250 

48,700 

25.5 

32.4 

42.1 

174 
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Series  I.     Test  Check 


Effect  of-Piston  Speed  on  Power  Output  and  Efficiency. 

C'uiii))ressioii-Rati(i  .5  :   1. 

Air  Stmidanl  Effirienci/  47.47  per  cent. 

Fuel — Petrol    "A." 

S.G.   0.782.     Mean  Temp.  IS°C.  Barometer   30.07iii. 

Ignition  Position  No.  3.£  =  28  cleg,  early. 


Torque  at 

Teni|)erat 

uro 

Fuel 

3ft.  rad. 

"  C. 

consumption. 

Revs. 

W  =  40  lb. 

1 

Igni- 

Unit vol.  J  pint.  Intake 

I.M.    '    Trirl 

tion 
posi- 

per 
min. 

Spring 

Nett 

E.P. 

H.P. 

Inlet 

Pint  per 

balance 

weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

outlet 

ing 

room 

No. 

unitvol. 

per  hr. 

1            1 

Volts 

1488 

6.8 

33.2    137.3 

33.0 

58.0 

25.5 

14.0 

3.2 

45.0 

0.606 

88.0 

1500 

6.5 

33.5    138.3 

33.  5 

60.0 

26.0 

14.0 

3.2 

52.6 

0.511 

88.0 

1496 

6.7 

33.3  'l37.7l33.2 

61.0 

27.0 

14.0 

3.2 

55.2 

0.491 

88.0 

1505 

7.2 

32.8  |l35. 933.0 

69.0 

27.4 

14.0 

3.5 

59.0 

0.462 

87.8 

1504 

7.15 

32.85  136.1  33.1 

60.0 

27.8 

14.1 

3.5 

59.1 

0.461 

87.8 

1501 

7.9 

32.1    133.4:32.3 

59.0 

28.0 

14.3 

3.9 

62.2 

0.448 

87.7 

1503 

8.65 

31.35  130.7  31.7 

58.0 

27.3 

14.2 

4.4 

64.0 

0.443 

87.3 

1504 

9.3 

30.7 

128.5  31.2 

57.0 

27.8 

14.5 

4.8 

65.7 

0.439 

88.0 

1507 

10.5 

29.5 

124.3  30.2 

63.0 

27.9 

14.8 

5.0 

68.3 

0.436 

87.2 

1502 

11.2 

28.8 

121.829.5 

63.0 

28.0 

15.0 

5.4 

70.8 

0.431 

87.5 

1500 

12.7 

27.3 

116.428.2 

61.0 

28.4 

15.0 

5.5 

73.8 

0.433 

88.0 

1501 

12.5 

27.5 

117.1  28.4 

61.0 

28.8 

15.0 

5.8 

73.7 

0.431 

88.3 

1500* 

16.0 

24.0 

104.8  25.33 

61.0 

28.0 

15.0 

3.2 

73.7 

0.482 

— 

1486 

6.3 

33.7 

139.0  33.4 

60.0 

27.0 

15.0 

3.2 

53.4 

0.505 

87.8 

1513 

6.3 

33.7 

139.0  33.9 

60.0 

26.8 

15.1 

3.2 

49.5 

0.537 

88.0 

1500 

5.6 

5.6 

19.8     — 

60.0 

— 

— 

— 

— 

Motorin 

gtest 

Slitrlitlv  unstable. 
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Series  II.     Test  Xo.    1. 

Throttling  to  1500  Revs,  per  minute,  100  per  cent  Torque. 

l'oni[)iT.ssion-F!atio   .">.45  :   1. 

Fuel— Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.  U.81,5.     Mean  Temp.  17°C.  Barometer  30.35in. 

Ignition  Position  No.  3  =  28  cleg,  early. 


Torque  at 

Temperature 

Fuel 

3ft. 

[•ad. 

•      °C. 

consumption. 

Revs. 

W  = 

401b. 

Igni- 

Unit vol.  J  pint. 

Air 

per 

I.M. 

Ind. 

tion 

intake 

min. 

Spring 

Nett 

E.P. 

H.P. 

Inlet 

po.si- 

Pint  per 

heater 

balance 

weight 

Water  hous- 
outlet  1  ing 

Engine 
room 

tiou 
Xo. 

Seconds 
vinitvol. 

I.H.P. 
per  hr. 

1 

Volts 

1513 

1.0 

39.0 

156.0 

38.5 

60.0     16.5 

18.0 

3.2 

28.4 

0.825 

88 

1492 

1.15 

38.85  156.0 

37.8 

59.0     16.5 

18.0 

3.2 

28.0 

0.850 

1513 

1.00 

39.0 

156.6'  38.6 

57.5   '16.3 

18.0 

3.2 

1     28.4 

0.821 

1503 

1.3 

38.7 

155.71  38.1 

58.0     17.0 

18.0 

3.2 

30.8 

0.768 

1538 

1.3 

38.7 

155.7   38.9 

57.5     17.0 

18.5 

3.2 

30.9 

0.750 

1505 

1.8 

38.2 

153.8  37.6 

56.6     17.0 

18.5 

3.5 

33.8 

0.708 

1494 

3.3 

36.7 

148.6  36.1 

59.3     17.0 

18.5 

3.5 

{     37.4 

0.667 

,. 

1519 

4.7 

35.3 

143.7 

35.  5 

58.8     17.0 

18.5 

3.7 

38.4 

0.660 

1510 

0.5 

33.5 

137.3 

33.7 

57.9     17.0 

18.8 

3.8 

40.4 

0.661 

1506 

7.9 

32.1 

132.5 

32.4 

55.5     17.0 

19.0 

4.0 

43.0 

0.646 

1516 

9.3 

30.7 

127.5 

31.4 

53.9     16.8 

18.8 

4.1 

44.0 

0.652 

^j 

1496 

12.2 

27.8 

117.4 

28.6 

52.6     16.8 

18.6 

4.3 

46.4 

0.678 

j^ 

1500 

5.6 

5.6 

20.0 

— 

60.0       — 

~ 

— 

'       - 

ilotorin 

g  test 

Heat-Balaxce  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  11.330  B.Th.Us.  per  pint  at  15^C. 


B.Th.Us.  per  hour 

Heat 

Heat  to 

I.H.P. 
(corrected 

Heat  to 
I.H.P. 

to 
cooling 

exhaust 
radiation, 

Total  heat 

Heat 

Heat  to 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

38.0 

330.000 

99,000 

62.000 

30.0 

18.8 

51.2 

37.5 

302,000 

95,800 

64,000 

31.7 

21.2 

47.1 

36.2 

272,500 

92,000 

63.800 

33.8 

23.4 

42.8 

35.1 

265.000 

90,400 

62.800 

34.1 

23.7 

42.2 

33.4 

252.500 

85,800 

60,200 

34.1 

23.9 

42.0 

32.2 

237,000 

82,500 

56.500 

34.8 

23.9 

41.3 

31.1 

231. .500 

80,000 

55,800 

34.6 

24.1 

41.3 

28.7 

220.000 

■    72,800 

52.700 

33.1 

23.9 

43.0 

176 


THE    INSTITUTION    OF    AUTOMOBILE    ENGINEERS 


Series  II.      Test  No.   2. 

Throttling  to  1500  Revs,  per  minute,  80  per  cent  Torque. 
Conipression-Katiu  5.45:   I. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

iS.C7.  0.815.      Mcati  Temp.  1&°C.     *  Barometer  :W.  Sain. 

Ignition  Position  Xo.  3  =  28  deg.  earlj*. 


Heat-Balance  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Comprossion-liatio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  jiint  at  15°C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

(corrected 

Heat  to 
I.H.P. 

to 

Total  heat 

Heat 

Heat  to 

cooling 

radiation. 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

31.4 

259,000 

80,200 

58,500 

31.0 

22.6 

46.4 

30.6 

235,500 

78,700 

57,800 

33.4 

24.5 

42.1 

29.5 

220,500 

75,300 

55,800 

34.1 

25.3 

40.6 

28.0 

205,500 

71,600 

53,400 

34.9 

26.0 

39.1 

26.8 

192,000 

67,500 

50,300 

35.1 

26.2 

38.7 

25.2 

185,500 

64,200 

48,200 

34.6 

26.0 

39.4 

22.3 

176,500 

56,500 

46,500 

32.0 

25.8 

42.2 

I 
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IT? 


SsfUKs  II.     TssT  No.  X 
ThrottUas  to  ISOO  Rers.  p*r  nivnut*.  (JO  p?r  c>*ot  Tarijii* 

l.'0■.-.■.^^Pt'<.>■.O'.'.-^^.»;'.>^    6    4."'       I 

FiifS — Ktliyl  Alcohol  9^  Vol.  piir  cfnt. 


TonitM>  At 

Sit.  wd. 

W  ^  24  lb. 

Spring     X*ti 
balance  veighl 


I  MO 
1507' 


£2.6 


E.P. 


ina.  — 

H.l\ 


*  C  (vnsuiupnon. 

l^ui-   Unit  vol.  i  \\\iu .      A\r 
■  — -  — — ^  tion  I iut.-kWo 


lul«»t 
\V«ji?r  ho«s-E«^n»^  titux  !s«H»nda   I.H.P, 
o\t«l«M     »ug     room      No.    unUx-xU.' p*»rhr. 


21.8 

■to 

20.0 

;,    7 

IS.  3 

7    (■> 

lti.4 

9  :> 

U .  ;■> 

100.2  24.6 
»7.4  23.6 
»l.  122.2 

S:>.2  2t>.7 


iJl.o 
61.2 
5».l 
otJ.2 


ISO 
IS  0 
ISO 
IS.  5 


li>  0 
IS, 5 
I'.KO 
21.0 


4.0 
4.S 
4.7 


;>0.5 
57.  t» 
62.2 

«5S,0 


TS.Md.O      53,5     13.0     22.0  '   4.9  '     72,2 


0.T2S 

0.659 
0  l>52 

0   tUO 
0   6;>o 


Volt* 
6H 


IS  17.55    51.7      17.  S     21.3      5.0 


74.0       0  6s>4 


M    ■>     —       60.0       — 


—        Moti>nn  ij  trt*t 


•UuatAblo. 


Hk.w-Uaj.anok  Sukkv. 

Ch«ck  Twl  OH  Ktli^'I  Alcohol.  t~<»w^>fv>WoH-/J«i/»<>  , 

Lomr  Caiorific  V<a««  of  Fml  11.S30  B.Th.Usu  ps»r  |nn%  at  15*0. 


i.H.r. 


B.Tli.Us.  per  hour. 


.  .-riVvMtvl 

I'otHl  ho.^t 

llo.i: 

;->  i:.oo 

of  fiiol 

to 

r.p.ra.) 

$uppli<>d 

l.H.l". 

2S.7 

176.000 

60.100 

22.2 

li54.tH)0 

56,'i00 

20.  S 

150.1HV0 

52.700 

19.1 

141.2»>i> 

■tS.400 

17.5 

137.SOO 

44.700 

Ho.n  to 
ooolioc 
WHtor 

49.700 
47.400 
44.000 
4l.:UH> 


I.H.r, 

IVr  oi^ni. 

34  I 
34  5 
35.1 
34.3 
32.5 


no:\<. 

to 

eoohni; 

wrttt^r 

IVroftnt. 


2S.2 
2S ,  9 
29.3 
29.2 
23.5 


r.-»ilii*tioi\, 
IVroant. 


37.7 
36 . 6 
35  6 
36.5 
39.0 
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Series  II.     Test  No.   4. 

Throttling  to  1500  Revs,  per  minute,  40  per  cent  Torque. 

Compression- Ratio  5.45  :  1. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.G.  0.815.     Mean  Temp.  IQ'C.  Barometer  30.35in. 

Ignition  Position  No.  3  =  28  deg.  early. 


Torque  at 

Temperature 

Fuel 

3ft. 

rad. 

"C. 

consumption. 

Jlevs. 

W  = 

241b. 

Igni- 

Unit vol.  i  pint. 

Air 

per 
min. 

I.M. 
E.P. 

TnH 

tion 
posi- 

intake 
heater 

Spring 

Nett 

H.P.                 Inlet 

Pint  per 

balance 

weight 

1  Water  '  hous-  Engine 

tion 

Seconds 

I.H.P. 

;  outlet     ing      room 

No. 

unit  vol. 

per  hr. 

Volts 

1500 

8.8 

15.2 

74.5  18.2  j   58.7      18.0 

18.0 

4.0 

64.0 

0.773 

56 

1498 

8.9 

15.1 

74.2 

18.0      58.6      18.0 

18.0 

4.0 

65.9 

0.760 

,, 

1497 

10.4 

13.6 

68.9 

16.75    58.6     17.9 

19.0 

4.6 

83.0 

0.648 

,, 

1503 

11.5 

12.5 

65.1 

15.9      55.5     17.5 

20.2 

5.0 

88.0 

0.643 

55 

1501 

12.8 

11.2 

60.5 

14.75    54.5      16.8 

18.2 

5.3 

93.2 

0.655 

50 

1494* 

15.8 

8.2 

50.0 

12.1   1   53.5      17.9 

18.0 

5.8 

98.5 

0.755 

1600 

6.0 

6.0 

21.3      —       62.0       — 

—         — 

— 

Motorin 

g  test 

•  Popped  twice. 


Heat-Balance  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression-Ratio  5.45 

Lower  Calorific  Value  oj  Fuel  11,330  B.Th.Us.  per  pint  at  IS^C. 


I.H.P. 

(corrected 
to  1500 
r.p.m.) 

B.Th.Us.  per  hour. 

Heat  to 
I.H.P. 

Per  cent. 

Heat 

to 

cooling 

water 

Per  cent. 

Heat  to 

Total  heat          Heat 

of  fuel                 to 

supplied           I.H.P. 

Heat  to 
cooling 
'water 

radiation, 

etc. 
Per  cent. 

18.0 
17.0 
15.9 
14.7 
12.1 

155,000            45,800 
122,900             42,700 
115,800             40,500 
109,300             37,500 
103,500             30,800 

40,500 
40,000 
38,000 
36,200 
34,200 

29.5 
34.7 
35.0 
34.3 
29.8 

26.1 
32.5 
32.8 
33.1 
33.0 

44.4 
32.8 
32.2 
32.6 
37.2 

I 
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Series  II.      Test  No.   5. 

ThTOftliDg  to  950  Revs,  per  minute,  100  per  cent  Torque. 

Compression-Ratio  5.45:  1, 

Air  Standard  Efficiency  49.  4  per  cent. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.a.  0.816.      Mean  Temp.  IS'^C.  Barometer  30.28in. 

Ignition  Fosition  No.  3  =  28  deg.  early. 


Revs' 
per 


918 
926 
926 
944 
937 
D36 
935 
S36 
934 
926 
932 
934 
936 
940 


Torque  at 

3ft.  rad. 

W  -  40  Jb. 

Spring     Nett 
I  balance  weight 


I.M. 
E.P. 


I  Ind. 
H.P. 


Temperature 
°C. 


j  Inlet 
Water  jhous- Engine 

outlet '   ing    i  room 


4.6 
4.4 
4.5 
4.7 
4.8 
4.9 
5.1 
5.8 
6.7 
7.7 
9.0 
11. 1 
12.4 
4.4 


35.4 
35.6 
35.  5 
35.3 
35.2 
35.1 
34.9 
34.2 
33.3 
32.3 
31.0 
28.9 
27.6 
4.4 


139.820 
140.6  21 
140.3  21 
139.521 
I39.2i21 
138.8j21 
138.1  21 
135.620 
132.520 
129.019 
124.518 
117.017 
112.417 
15.6     - 


53.5 
53.5 
53.8 
55.2 
56.9 
59.3 
60.9 
62.5 
63.2 
63.0 
62.0 
59.8 
57.0 
58.0 


18 

0  ' 

17 

5 

17 

6 

17 

6 

18 

0 

18 

5 

18 

5 

18 

8 

18 

6 

18 

8 

18 

8 

18 

6 

18 

5 

-    1 

16.3 
16.5 
16.2 
16.2 
16.5 
16.5 
16.6 
16.7 
16.8 
17.0 
17.0 
17.0 
17.0 


Fuel  j 

consumption. 
Ingi-    Unit  vol.  \  pint.     Air 

tion  , intake 

posi-  Pint  per  heater 

tion   Seconds  I. H.P. 
No.  lUnitvol.  per  hr. 


2.9 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.2 
3.2 
3.5 
3.6 
3.9 
4.0 


41.4 
38.7 
41.2 
43.0 
45.3 
51.3 
55.6 
59.3 
64.4 
67.2 
69.5 
74.7 
76.0 


Volts 
1.04  68 

1.10 
1.035 
0.980 
0.938 
0.832 
0.771 
0.735 
0.695 
0.691 
0.688 
0.680  j 
0.693 
Motorin  g  test 


Heat-Balance  Sheet. 

Cluck  Test  on  Ethyl  Alcohol.  Compress  ion -Ratio  5.45  : 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  15*C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

(corrected 

Heat  to 
I.H.P. 

to 
cooling 

exhaust 
radiation. 

Total  heat 

Heat 

Heat  to 

to  950 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

21.6 

248,000 

53,800 

'34,000 

21.7 

13.7 

64.6 

21.5 

237,000 

54,500 

35,300 

22.9 

14.9 

62.2 

21.5 

225,000 

54,000 

36,700 

23.9 

16.3 

59.8 

21.4 

198,000 

53,800 

38,300 

27.0 

19.3 

53.7 

21.3 

183,500 

53,500 

40,000 

29.1 

21.8 

49.1 

21.0 

172,000 

52,800 

41,200 

30.5 

23.9 

45.6 

20.4 

158,500 

51.200 

41,700 

32.3 

26.3 

41.4 

19.9 

152,000 

49,400 

41,300 

32.5 

27.1 

40.4 

19.2 

147,000 

48,000 

40,300 

32.7 

27.4 

39.9 

18.0 

136,500 

45,100 

38,700 

33.0 

28.3 

38.7 

17.3 

134.500 

43,500 

36,000 

32.4 

26.8 

40.8 

N   \L 
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SicniEs  II.       Tkst   Xo.   6. 

Throttling  to  950  Revs,  per  minute,  80  per  cent  Torque. 
Conipre.ssioii-Ratio  5.45  :  1. 

Air  Sta>idari:l  Ej^ciexcy  49.4  per  cent. 

Fuel—Ethyl  Alcohol  95  Vol.  per  cent. 

.S'.r;.  0.815.     Mean  Temp.  18. 5X\  Barometer  ?,(i.2»in. 

Ignition  Position  Xo.  3  =  28  deg.  early. 


Torque  at 

Temperature 

j            Fuel 

3ft.  rad. 

"C. 

!    consumption. 

Revs. 

"W  =  32  lb. 

Igni- 

' Unit  vol.  J  pint.     Air 

per 

I.M. 

Tnrl 

tion 

4_  1 

min. 

Spring     Nett 

E.P. 

H.P. 

Inlet 

posi- 

Pint per  heater 

balance  weight 

[Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

outlet 

ing 

room 

No. 

limit  vol. 

per  hr. 

1 

! 

Volts- 

936 

3.9        28.1 

115.517.6      58.0 

18.5 

16.6 

3.2 

67.1 

0.763        61 

956 

4.4 

27.6 

113.817.7      .56.9 

18.3 

16.6 

3.3 

72 .  7 

0.700 

944 

5.7 

26.3 

109.2  16.8      52.5 

18.0 

16.6 

3.5 

78.0 

0.687 

936 

7.2 

24.8 

104.0  15.85    61.0 

18.3 

16.8 

3.8 

83.5 

0.G8U 

936 

8.3 

23.7 

101.1  15.25    63.0 

18.2 

16.9 

4.(t 

88.4 

0.668 

952 

9.5 

22.5 

95.914.85    61.9 

18.0 

17.0 

4.2 

91.8 

0.661 

936 

12.7 

19.3 

84.712.9      59.6 

18.0 

17.0 

4.6 

98.5 

0.708 

950 

4.8           4.8 

17.0     —       58.0 

— 

— 

— 

— 

Motoring  test 

Hevt-Balaxce  Sheet. 

Check  Test  o>i  Etliyl  Alcoliol.  CompressioJi- Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  IS^C. 


B.Th.Us.  ])er  }iour. 

Heat 

Heat  to 

I  H  P 

TT  -    -,  *      i- 

to 
cooling 

exhaust 
radiation. 

(corrected 

Total  heat 

Heat 

Heat  to 

I.H.P. 

to  950 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent . 

Per  cent. 

17.6 

140.000     1 

45,100 

32.300 

32.2 

23.1 

44.7 

16.9 

131,000 

42,800 

32,900 

32.7 

25.1 

42.2 

16.1 

122.00(t 

40.300 

34,300 

33.0 

28.1 

38.9 

15.5 

115.50U 

38.800 

33.200 

33.6 

28.7 

37.7 

14.8 

111,000 

37.800 

32,000 

33.9 

28.8 

37 .  3 

13.1 

103.500     1 

32.900 

29,500 

31.8 

28.5 

39.7 
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Series  II. 


Test  Xo. 


Throttling  to  950  Revs,  per  minute,  60  per  cent  Torque. 

Compresaion-Ratio  5.45:  1. 

Air  Standard  Efficiency  49.4  per  cent. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

S.Q.  0.815.      Mean  2'crnp.  18.5'C.  Barometer  30.28in. 

Ignition  Position  Xo.  3  ■=  28  deg.  earlj'. 


Torque  at                                     Temperature 

Fuel 

3ft.  rad. 

°C. 

consumption. 

Revs. 

W  =  24  lb. 

1 

Igni-   Unit  vol.  J  pint.    Air 

I  AI    '  Ind 

tion  — — — intake 

posi- •                iPint  per  heater 

))er 
niin. 

Spring 

Nett 

E.P.    H.P.                 Inlet  1 

balance 

weight 

1             Water   hous-Engine 
j             outlet '   ing   |  room 

tion   Seconds  l.H.P. 

No.    unitvol.l  per  hr. 

1 

i 

Volts 

935 

2.8 

21.2 

91.8  13.95    64.0      19.©!    17.0 

4.0       90.0 

0.717      46.5 

940 

4.0 

20.0 

87.6  13.4      63.9     18.5 

17.0 

4.3        99.0 

0.678 

932 

5.4     1    18.6 

82.7   12.5      61.2     17.7 

17.2 

4.4      107.3 

0.670  j      „ 

936 

7.2         16.8 

76.4  11.6  '   58.0     17.2 

17.5 

5.0     114.6 

0.677 

946 

4.9 

4.9 

17.4      —       57.0       — 

— 

—    1      — 

Motorin  g  test 

HEAT-B.4LANCE    ShEET. 

Check  Test  on  Ethyl  Alcohol.  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  15*^0. 


l.H.P. 

(corrected 

to  960 

r.p.m.) 

B.Th.Us.  per  liour. 

Heat  to 
l.H.P. 

Per  cent. 

Heat 

to 

cooling 

water 

Per  cent. 

Heat  to 

exhaust 

radiation, 

etc. 
Per  cent. 

Total  heat 

of  fuel 

supplied 

Heat 

to 
l.H.P. 

Heat  to 
cooling 
water 

13.5 
12.7 
11.7 

103,000 
95,000 
89,000 

34,100 
31,800 
29,500 

32.800 
30,700 
28,700 

33.1 
33.5 
33.1 

31.8 
32.3 
32.2 

35.1 
34.2 
34.7 
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Seriks   II.     Tk-st   Xo.    8. 

Throttling  to  950  Revs,  per  minute.  40  per  cent  Torque. 

Compression- Ratio  5.4.5  :  1. 

Air  Standard  Efficiency  49.4  per  cent. 

i^Me/— Ethyl  Alcohol  95  Vol.  per  cent. 

S'.G.  0.815.     Mtan  Temp.  \9^C.  Barometer  'iO.i^nx. 

Ignition  Position  N'o.  3  ==  28  deg.  earlj'. 


Revs, 
per 


Torque  at 

3ft.  rad. 

W  =  16  lb. 


932 
944 
944 
944 
942 
939 
950 


Spring 
balance 


1.8 
1.8 
2.2 
3.4 
4.2 
5.9 
4.9 


Nett 
weight 


I.M. 
E.P. 


Ind. 
H.P. 


14.2 
14.2 
13.8 
12.6 
11.8 
10.1 
4.9 


Temperature 
»C. 


Ingi- 
tion 


Fuel 

consumption. 
Unit  vol.  J  pint.     Air 
intak.» 


Inlet  posi-  Pintper  heater 

Water  hous-  Engine   tion  Second.s  I.  H.P. 
outlet     ing      room      No.    unitvol.  per  hr. 


67.4  10.2 
67.4  10.3 
66.0  10.1 
61.7  9.4 
59.0  8.95 
53.0  8.0 
17. G      — 


67.5 

20.0 

17 

6 

4.0 

68.3 

20.3 

17 

6 

4.2 

67.9 

20.0 

17 

2 

4.5 

65.5 

19.6 

17 

o 

5.0 

62.5 

19.0 

17 

2 

5.0 

60.6 

18.6 

17 

2 

.5 .  3 

59.0 

— 

— 

- 

— 

107.3 
111.6 
132.4 
143.0 
149.4 
157.6 


Volt* 
0.822  43 
0.783 
0.673 
0.670 
0.672 
0.714 
Motorinig  test 


He.\t-Balaxce  Sheet. 

Check  Test  on  Ethyl  Alcohol.  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  11,330  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per  hour 

Heat 

Heat  to 

I  H  P 

(corrected 

Total  heat 

Heat 

Heat  to 

I. H.P. 

cooling 

radiation. 

to  950 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I. H.P. 

water 

Per  cent . 

Per  cent. 

Per  cent. 

10.4 

91,500 

26.200 

26,300 

28.6 

28.7 

42.7 

10.2 

77,000 

25.700 

27,000 

33.4 

35.0 

31.6 

9.45 

71.400 

23.900 

25,400 

33.5 

35.6 

30.9 

9.05 

68,300 

22,800 

24,100 

33.4 

35.3 

31.3 

8.1 

64.800 

20.400 

22.600 

31.5 

34.9 

33.6 

I 


I 
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Series  II.      Test  Check,  "a." 

Effect  of  Varying  Throttle  OpenioK — Full  Throttle. 

Compression- Ratio  5.45  :  1. 
Air  Standard  Efficiency  49.4  per  cent. 

i^'ueZ— Petrol  "  A." 

S.G.0.'8-2.     Mean  Temp.  n^C.  Barometer  30 .  iin. 

Ignition  Position  Xo.  3  =  28  deg.  early. 


Torque  at 

1 

Temperature 

1 
Fuel 

3ft. 

rad. 

1 

°C. 

consumption,    i  Heat 

Revs 

W  = 

401b. 

Igni- 

Unit vol.  i  pint.'  input 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

min. 

1  Spring 

Nett 

Inlet 

Pint  per  carbu- 

'  balance 

[  weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P.    rettor 

1 

j 

outlet 

ing 

room 

Xo. 

unit  vol. 

per  hr. 

1  Volta 

1502 

:    5.5 

34.5 

141.5 

34.5 

59.0 

22.5 

18.0 

3.2 

39.7 

0.656  j     88 

1504 

5.4 

34.6 

141.9 

34.7 

61.9 

25.3 

18.0 

3.2 

45.8 

0.565 

1508 

5.  5 

34.5 

141.5 

34.6 

67.3 

26.8 

18.8 

3.2 

54.4 

0.476 

1506 

5.8 

34.2 

139.5 

34.1 

69.8 

27.8 

19.5 

3.3 

59.3 

0.443 

1516 

7.5 

32.5 

133.8 

33.0 

68.6 

29.5 

20.0 

3.5 

63.6 

0.427 

1504 

10.4 

29.6 

123.5 

30.3 

64.3 

29.6 

20.5 

3.9 

70.8 

0.418 

1512 

U.O 

29.0 

121.0 

29.9 

61.0 

29.2 

20.0 

3.9 

71.8 

0.419 

1498 

!    13.4 

26.6 

112.5 

27.6 

59.5 

29.2 

19.3 

4.2 

76.5 

0.426  1      „ 

1500 

5.6 

5.6 

1 

1 
1 

~ 

62.0 

— 

— 

— 

— 

Motorin 

g  test 

Heat-Balance  Sheet. 

Check  Test  on  Petrol  '"  A."  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  18,200  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per 

lour. 

Heat 

Heat  to 

I.H.P. 

(corrected 

Heat  to 
I.H.P. 

to 

cooling 

exhaust 
radiation. 

Total  heat 

Heat 

Heat  to 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

34.5 

416,000 

88,000 

52,700 

21.1 

12.7 

66.2 

34.55 

355,000 

88,300 

55,800 

24.9 

15.7 

59.4 

34.4 

300,000 

88,000 

61,200 

29.3 

20.4 

50.3 

34.1 

277,000 

87,300 

64,000 

31.6 

23.1 

45.3 

32.3 

253,000 

83,000 

63,200 

32.8 

25.0 

42.2 

29.5 

226,000 

75,600 

58,700 

33.7 

26.0 

40.8 

28.9 

220,000 

74,000 

55,800 

33.7 

25.4 

40.7 

26.6 

206,500 

67,900 

53,000 

32.8 

25.6 

41.6 

100  per  cent  full -load  toi 

que  (full 

throttle). 
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Skriks  II. 


Tkst  Check   "  b.'' 


EMect  o!  Varying  Throttle  Opening — 80  per  cent  Torque. 

Compression- Ratio  5.45:  1. 

Air  Standard  Efficiency  49.4  per  cent. 

i^uei— Petrol  "  A.  ' 

S.a.  0.1S2.      Mean  Temp.  n°C.  Barometer  30. 4in. 

Ignition  Position  No.  3  =■  28  tlep.  early. 


Torque  at 

Temperat 

ure 

Fuel 

3ft.  rad. 

°  C. 

consumption. 

Heat 

Revs. 

W  =  32  lb. 

Igni- 

Unit vol.  J  pint,   input 

per 
min. 

l.M. 

E.P. 

Tnfl 

tion 
posi- 

A.. 

Spring  j   Nett 

H.P.  i 

Inlet 

Pint  per 

carbu- 

balance weight 

Water 

hous-iEnpine 

tion 

Seconds 

I.H.P. 

rettor 

outlet     inp    '  room 

No. 

unit  vol. 

per  hr. 

1 

Volts 

IfiOS 

3.7 

28.3 

119. 5|  29.5     65.0 

34.0 

19.5 

3.4 

47.4 

0.643 

78 

1608 

3.1 

28.9 

121.5:  30. o!   68.2 

34.2 

19.5 

3.5 

54.6 

0.548 

1624 

2.9 

29.1 

122.0  30.4     74.0 

35.5 

20.0 

3.6 

64.7 

0.455 

1600 

4.2 

27.8 

117.7 

28.9 

75.0 

37.5 

20.0 

3.8 

71.3 

0.434 

1498 

6.4 

25.6 

113.6 

27.7 

72.1 

38.2 j  20.5 

4.0 

79.7 

0.408 

1604 

8.1 

23.9 

103.8 

25.5 

67.1 

38.7     20.0 

4.3 

84.4 

0.417 

1600 

6.8 

5.8 

— 

~ 

65.0 

— 

— 

— 

— 

Motorin 

g  test 

Remarks.' — Test  throttled  down  to   80  per  cent  full-load  torque. 
test  with  throttle  locked  in  position  giving  80  per  cent  torque. 


Motoring 


Heat- Balance  Sheet. 

Check  Test  on  Petrol  "  A."  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  oj  Fuel  18,200  B.Tli.I's.  per  pint  at  15°C. 


B.Th.Us.  per  hour. 

1      Heat 

Heat  to 

1  H  P 

to 

exhaust 
radiation. 

(corrected 

Total  heat 

Heat 

Heat  to 

I.H.P. 

I    cooling 

to  1600 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

28.2 

332,000 

72,200 

48,500 

21.8 

14.6 

63.6 

28.8 

288,000 

73,700 

51,200 

25.6 

17.7 

56.7 

28.9 

241,000 

74,200 

54,500 

30.8 

22.6 

46.6 

27.8 

219,000 

70,900 

55,000 

32.4 

25.1 

42.5 

26.6 

190,000 

65,200 

54,300 

34.3 

28.6 

37.1 

23.9 

181,000 

8 

61,000 
3  per  cent  ful 

49,200 
1-load  torque 

33.7 

27.  2 

39.1 

1 
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Series  II. 


Test  Check  "c. 


Effect  of  Varying  Throttle  Opening — 60  per  cent  Torque. 

Compression-Ratio   5.45:  1. 
Air  Standard  Efficiency  49.4  per  cent. 

jPuei— Petrol  "  A.  ' 

S.Q.O. -,%•!.      Mean  Temp.  WC.  Barometer  "iO .  i\n. 

Ignition  Position  No.  3  =  28  deg.  early. 


Torq 

lie  at 

Temperat 

ure 

Fuel 

3ft. 

rsd. 

"C. 

consumption.      Heat 

Rev8. 

W  = 

241b. 

Igni- 

Unit vol.  J  pint,  input 

per 
min. 

I.M. 
E.P. 

TnH 

tion 
posi- 

Spring 

Nett 

H.P. 

Inlet  1 

Pint  per  carbu- 

balance 

weight 

iWater 

hous-  Engine 

tion 

Seconds'  I. H.P.    rettor 

1  outlet 

ing      room 

Xo. 

unit  vol.  per  hr. 

1 

1 

Volts 

1504 

3.3 

20.7 

93.5 

22.9     68.7 

37.0     19.5 

3.7 

64.2 

0.640 

68 

1604 

3.1 

20.9 

93.9 

23.1     70.5 

39.2     19.5 

3.8 

74.0 

0.525 

1604 

3.0 

21.0 

94.2 

23.2     75.8 

40.5     20.0 

4.0 

86.2 

0.455 

1498 

3.8 

20.2 

91.3 

22.4     78.0 

43.0;   20.5 

4.2 

95.0 

0.422 

>> 

1602 

5.1 

18.9 

86.8 

21.3     77.2 

45.0 

21.0 

4.5 

101.6 

0.412 

1600 

6.9 

17.1 

80.5 

19.8     72.3 

45.5 

20.5 

4.7 

108.3 

0.418 

1600 

9.6 

14.4 

71.0 

17.4     67.4 

45.0 

20.0 

5.0 

115.6 

0.447 

1600 

5.9 

5.9 

— 

—       68.0 

— 

— 

— 

Motorin'g  test 

Remarks. — Test  throttled  down  to  60  per  cent  full-load  torque, 
test  with  throttle  locked  in  position  giving  60  per  cent  torque. 


Motoring 


Heat-Balance  Sheet. 

Check  Teat  on  Petrol  "  A."  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  18,200  B.Th.Us.  per  pint  at  15°C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I  H  P 

-    Heat  to 
1     I.H.P. 

to 
cooling 

exiiaust 
radiation. 

(corrected 

Total  heat 

Heat 

Heat  to 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

22.9 

266,000 

58,400 

46,000 

22.0 

17.3 

60.7 

23.1 

212,000 

58,900 

46,500 

27.8 

22.0 

50.2 

23.2 

193,000     I 

59,200 

46,700 

30.7 

24.2 

45.1 

22.4 

172,000     1 

57,100 

47,800 

33.2 

27.8 

39.0 

21.3 

159,000     I 

54,300 

48,400 

34.2 

30.4 

35.4 

19.8 

151,000     1 

50,500 

48,100 

I       33.4 

31.9 

34.7 

17.4 

141,000 

44,400 

44,000 

31.5 

31.2 

37.3 

60  per  cent  full-load 

torqvie. 
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SErttES  ir.        Tkst  Chkok  "  d.' 

Effect  of  Varying  Throttle  Opening— 40  per  cent  Torque. 

Compre-ssioii- Ratio  .'>.45  :  1. 
Air  Standard  Efficiency  49.4  per  cent. 

Fuel — Petrol  '■  A." 

5.(7.0.782.      Mean  Temp.  IVC.  Barometer  'MAin. 

Ignition  Position  No.  3  =  28  deg.  early. 


Torque  at 
!        3ft.  rad. 
Revs.      W  =  24  lb. 

per   — 

min.  I  Spring     Nett 
balance' weight 


I.M. 
E.P. 


Ind. 
H.P. 


Temperature 
"C. 


1510 
1500 
1520 
1500 
1500 
1600 
1496 
1500 


[Water 
I  outlet 


10.2 

13.8     69.4 

17.1 

10.0 

14.0     70.0 

17.1 

10.2 

13.8     69.4 

17.2 

10.5 

13.5     68.3 

16.7 

11.0 

13.0     66.6 

16.3 

12.4 

11.6     61.6 

15.1 

14.6 

9.4     54.0    13.2, 

6.0 

6.0       — 

—   ; 

64.0 
61.8 
62.0 
51.0 
62.0 
59.7 
58.6 
59.0 


Inlet 

hou3-j  Engine 
ing   1  room 


37.0 

37.5 

39.5! 

42. Oi 

44.0' 

46.0 

46.0 


19.0 
19.5 
19.5 
19.5 
20.0 
20.0 
20.0 


Igni- 
tion 
posi- 
tion 

No. 


Pint  per  carbu- 
Seconds  I.H.P.  '  rettor 
unit  vol.  per  hr.  ' 


4.0 

4.0 
4.5 
4.5 
4.7 
5.0 
5.0 


Fuel 
consumption.      Heat 
Unit  vol.  ^  pint.;  input 
J     to 


89.7 
94.3 
100.8 
125.7 
130.8 
139.2 
146.8 


Volts 
0.585        56 
0.555 
0.518 
0.430 

0.421  : 

0.429  1 
0.451 
Motorin  g  test 


Remarks. ^Test  throttled  down  to  40  per  cent  full-load  torque. 
test  with  throttle  locked  in  position,  giving  40  per  cent  torqiie. 


Motorins. 


Heat-Balance  Sheet. 

Check  Test  on  Petrol  "  A."  Compression-Ratio  5.45  :  1. 

Lower  Calorific  Value  of  Fuel  18,200  B.Th.Us.  per  pint  at  IS'C. 


B.Th.Us.  per  hour. 

Heat 

Heat  to 

I.H.P. 

(corrected 

to 
cooling 

exhaust 
radiation, 

Total  heat 

Heat 

Heat  to 

I.H.P. 

to  1500 

of  fuel 

to 

cooling 

water 

etc. 

r.p.m.) 

supplied 

I.H.P. 

water 

Per  cent. 

Per  cent. 

Per  cent. 

17.0 

182.000 

43,600 

40,700 

23.9 

22.4 

53.7 

17.1 

173,000 

43,600 

40.700 

25.2 

23.6 

51.2 

17.0 

162,000 

43,800 

40,800 

27.1 

25.2 

47.7 

16.7 

131.500 

42,600 

— 

32.4 

— 

— 

16.3 

124,500 

41.600 

40.800 

33.2 

32.7 

33.9 

15.1 

118.000 

38,500 

39,400 

32.7 

33.4 

33.9 

13.2 

108,500 

33,700 

38,400 

31.1 

35.3 

33.6 

40  per  cent 

.  full-load 

torque. 
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Series  III.  .    Test  No.    1. 


S.a.  0.815. 


Effect  of  Cold  Cylinder. 

Compression-Ratio  5:1. 

Air  Standard  Efficiency  47.47  per  cent. 

Fuel—'E.ihyl  Alcohol  95  Vol.  per  cent. 

Mean  Temp.  14°C.  Barometer  29 .16in. 

Ignition  Position  No.  3  =  26  deg.  early. 


Torq 

lie  at 

Temperature 

Fuel 

3ft. 

rad. 

°C 

consumption. 

Revs. 

W  = 

40  lb. 

Igni- 

Unit vol.  J  pint. 

Air 

I.M.     Ind. 

tion 
posi- 

XT      -i^ 

temp. 

per 
min. 

Spring 

Nett 

E.P.    H.l". 

Inlet 

[Pint  per 

■CX6cnor 

balance 

weight 

Water 

hous- 

tion 

Seconds  I.H.P. 

outlet 

ing 

No. 

unit  vol. 

per  hr. 

Volts 

•c. 

1510 

2.1 

37.9 

156.8  38.0 

34.0 

13.7 

3.2 

28.6 

0.829 

86.5 

1502 

2.2 

37.8 

156.5  37.6 

34.0 

14.0 

3.5 

30.5 

0.785 

88.0 

14.0^ 

1510 

2.6 

37.4 

155.0  37.5 

34.2 

14.0 

3.2 

32.1 

0.747 

87.5 

1600 

3.9 

36.1 

150.5  36.1 

34.0 

14.0 

4.2 

35.2 

0.708 

88.0 

1498 

4.7 

35.3 

147.6  35.4 

33.0 

14.5 

4.5 

36.3 

0.701 

87.8 

14.  L 

1518 

5.7 

34.3 

144.1   35.0 

33.0 

14.3 

4.5 

37.4       0.688 

87.5 

1510 

6.6 

33.4 

141.0  34.0 

33.0 

14.1 

5.0 

38.4 

0.689 

87.5 

1491 

7.6 

32.4 

137.0  32.7 

33.0 

14.0 

5.5 

40.0 

0.689 

87.0 

14.0 

1510* 

11.5 

28.5 

123.4  29.9 

32.0 

13.5 

4.5 

41.9 

0.720 

88.0 

1505 

2.0 

38.0 

157.1  37.9 

33.0 

13.5 

3.2 

25.5 

0.932 

87.0 

1600 

2.1 

37.9 

156.8  37.7 

33.0 

13.5 

3.2 

28.0 

0.853 

86.5 

1520 

2.0 

38.0 

157.0  .38.1 

32.0 

13.8 

3.2 

27.1       0.872 

87.5 

14.0 

♦  Slightly  unstable. 

Remarks. — Motoring  test  for  friction: — Hot:  5.31b.,  1505  r.p.m.  at  98'C. 
water  jacket  temperature  ;  cold  :  6. 1  lb.,  1500  r.p.m.  at  32"'C.  water  jacket  tempera- 
ture.    .  •  .    Friction  hot  is  19  1b.  M.E.P.;   friction  cold  is  21.5  1b.  M.E.P. 
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Series  III.      Test  Xo.   i. 


Effect  of  Hot  Cylinder. 

Compression-Ratio  5  :  1. 

Air  Standard  Efficiency  47.47  per  cent. 

futi— Ethyl  Alcohol  95  Vol.  per  cent. 

S.O.  0.816.      Mean  Temp.  14%'.  Barometer  29.75in. 

Ignition  Position  No.  3  =  26  deg.  early. 


Torque  at 

Temperature 

1 

Fuel 

3ft. 

rad. 

" 

C. 

1    consumption. 

jRevB. 

AV  = 

40  1b. 

Igni- 

1 Unit  vo 

.  I  pint. 

Air 

per 
in  in. 

I.M. 

T«^ 

tion 
posi- 

 —Heater 

Pint  per 

temp. 

Spring 

Nett 

E.P.    H.P. 

Inlet 

balance 

weight 

Water 

hous- 

tion 

Seconds 

I.H.P.  I 

outlet 

ing 

No. 

unit  vol. 

per  hr.  ■ 

Volts 

°C. 

i503 

3.7 

36.3 

148.7  35.7 

82.0 

14.0 

3.2 

28.4 

0.864     87,0 

14.5 

1510 

4.2 

35.8 

146.9  35.4 

86.0 

14.4 

3.2 

31.6 

0.805      88.0 

1495 

4.7 

36.3 

145.1   34.7 

90.0 

14.8 

3.2 

35.0 

0.741  j  87.0 

lfi07 

5.9 

34.1 

140.8  33.9 

90.0 

15.2 

3.6 

37.1 

0.717  j  86.5 

1610 

6.6 

33.4 

138.3  33.4 

89.0 

15.0 

3.7 

!    38.0 

0.709  I  87.5 

1609 

8.0 

32.0 

133.3  32.2 

88.0 

15.2 

3.8 

'    39.6 

0.706  j   87.5 

J617 

8.8 

31.2 

130.6  31.6 

87.0 

15.0 

3.8 

40.8 

0.698      88.0 

1620 

10.0 

30.0 

126.1  30.6 

87.0 

15.2 

4.1 

42.4 

0.694 

86.5 

14.0 

1600 

11.6 

28.5 

120.9  29.0 

86.5 

15.0 

4.5 

44.5 

0.697 

87.6 

1608 

13.0 

27.0 

115.4  27.8 

85.0 

14.8 

4.8 

45.6 

0.710 

87.0 

1600 

14.7 

25.3 

109.3  26.2 

83.0 

14.6 

4.8 

46.7 

0.736 

86.5 

13.5 

1604 

3.8 

36.2 

148.3  35.7 

89.0 

16.6 

3.2 

27.6 

0.913      87.5 
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Series  IV.      Test  Xo.    1. 

Effect  of  No  Heat  to  Intake. 

Compre33ion-Ratio   5  :  1. 

Air  Standard  Efficiency  47.47  per  cent. 

Fuel— Ethyl  Alcohol  95  Vol.  per  cent. 

.S.(/.  0.815.     3/ean  Temp.  14'C.  Sarom^i^r  30. 09m. 

Ignition  Position  No.  3.2  =  28  deg.  early. 


Revs, 
per 


Torque  at 

3ft.  rad. 
W  =  40  lb. 


Spring     Xett 
balance  weight 


I.M. 
E.P. 


Temperature 

"C.  ! 


Ind. 
H.P. 


Fuel 
I    consumption. 
Unit  vol.  J  pint. 


I  Inlet 

i  Water  j  hous- 
outlet  !   ing 


Igni 

tion 

posi-  I  Pint  per 

tion  jSecondal  I. H.P. 
Xo.   .unit vol.  per  hr. 


I  Room 

Heater  air 
temp. 


1515 

1497 

1509 

1501 

1490 

1508 

1495 

1505 

1498 

1512 

1491 

1508 

1506 

1507 

1498 

1517 

loOl* 

1508* 

1495 


1.1 

38.9 

157 

1.1 

.38.9 

157 

1.35 

38.65 

156 

2.1 

37.9 

153 

2.6 

37.4 

l.->2 

3.0 

37.0 

150 

3.0 

37.0 

150 

3.6 

36.4 

148 

4.1 

35.9 

146 

4.6 

35.4 

145 

5.3 

34.7 

142 

5.65 

34.35 

141 

6.6 

33.4 

138 

7.0 

33.0 

136 

6.8 

33.2 

137 

6.8 

33.2 

137 

8.7 

31.3 

130 

7.8 

32.2 

133 

0.9 

39.1 

158 

4  38.5 
438.0 
6  38.1 
9  37.3 

1  36.6 
6  36.7 
6  36.4 

5  36.1 
835.5 
035.4 
5|34.4 

2  34.4 
0  33.. 55 
633.2 
2|33.2 
233.6 
531.7 
8J32.5 
0138.2 


62.0 
58.0 
59.0 
59.5 
60.0 
60.0 
59.0 
60.0 
59.0 
59.0 
60.0 
60.0 
59.0 
59.0 
59.0 
59.0 
.59.0 
58.0 
60.0 


7.0 
7.0 
7.0 
7.5 
7.5 
7.6 
7.6 
8.0 
8.0 
8.0 
8.1 
8.1 
8.0 
8.0 
8.0 
8.0 
8.0 
7.9 
7.8 


3.2 

27.4 

^j 

28.7 

„ 

30.7 

3.5 

33.4 

3.8 

34.5 

34.4 

,^ 

34.7 

4.0 

35.4 

4.3 

36.2 

4.5 

36.2 

5.0 

37.5 

5.5 

37.7 

5.5 

38.7 

5.9 

39.0 

5.5 

39.1 

5.0 

38.6  1 

5.8 

40.1  i 

5.8 

39.5 

3.2 

28.9 

0.854 
0.826 
0.770 
0.723 
0.713 
0.713 
0.713 
0.704 
0.701 
0.703 
0.698 
0.694 
0.694 
0.695 
0.694 
0.694 
I  0.708 
0.702 
0.816 


Volts 
Nil 


'C. 

13.8 


13. » 
14.0 


14.0- 


14.0 


14. 


Xil 


♦  Slightly  unstable. 
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Series  IV.        Test   No.    2. 

Effect  ol  Heating  Intake. 

Compression-llatio  5  :  1. 

Air  Standard  Efficiency  47.  47  per  cent. 

Fuel— Ethy\  Alcohol  95  Vol.  per  cent. 

S.O.  0.815.      Mean  Temp.  \5°C.  Barometer  30.07in. 

Ignition  Position  No.  3.2  =  28  deg.  early. 


Remahks. — Heater  to  intake  :    108  volts 
•output  varies  as  the  voltage  squared). 


Slightly  unstable. 

100  B.Th.Ue.  per  minute  (energy 
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Series  III.  and  IV.      Test  Check  "o."' 

Compression-Ratio  5  :  1. 
Air  Standard  Efficiency  47.47  per  cent. 

Fuel— "Petrol    "A." 

5.0.  0.782.      Mean  Temp.  IS'C.  Barometer  30. Olin. 

Ignition  Position  No.  3.2  =  28  deg.  early. 


Torque  at      , 

Temperature 

Fuel 

3ft. 

rad. 

° 

C. 

confeumption. 

Reve. 

W  = 

40  lb. 

Ifrni- 

Unit  vol.  J  pint. 

Room 

per 

I.M.  ,  Ind. 

tiou 



Heater 

air 

rnin. 

Spring 

Nett 

E.P.    H.P. 

Inlet 

posi- 

Pint per 

temp. 

balance 

weight 

Water 
otitlet 

hous- 
ing 

tion 
No. 

Seconds 
unit  vol. 

I.H.P. 

per  hr. 

t 

Volts 

°C. 

1488 

6.8 

33.2    137.333.0 

58.0 

25.5 

3.2 

45.0 

0.606 

88.0 

14.0 

1500 

6.5 

33.5    138.333.5 

60.0 

26.0 

,^ 

52.6 

0.511 

88.0 

14.0 

1496 

6.7 

1   33.3  !l37.7!33.2 

61.0 

27.0 

,, 

55.2 

0.491 

88.0 

14.0 

1505 

7.2 

32.8    135.933.0 

69.0 

27.4 

3.5 

59.0 

0.462 

87.8 

14.0 

1504 

7.15 

32.85  136.1  33.1 

60.0 

27.8 

^^ 

59.1 

0.461 

87.8 

14.1 

1501 

7.9 

32.1    133.4  32.3 

59.0 

28.0 

s'.'o 

62-2 

0.448 

87.7 

14.3 

1503 

8.65 

31.35  130.731.7 

58.0 

27.3 

4.4 

64.0 

0.443 

87.3 

14.2 

1504 

9.3 

30.7    128.5  31.2 

57.0 

27.8 

4.8 

65.7 

0.439 

88.0 

14.5 

1507 

10.5 

:  29.5  124.3)30.2 

63.0 

27.9 

5.0 

68.3 

0.436 

87.2 

14.8 

1502 

11.2 

28.8  il21.829.5 

63.0 

28.0 

5.4 

70.8 

0.431 

87.5 

15.0 

1500 

12.7 

'  27.3 

116.428.2 

61.0 

28.4 

5.5 

73.8 

0.433 

88.0 

15.0 

1501 

12.5 

.   27.5 

117.1 

28.4 

61.0 

28.8 

5.8 

73.7 

0.431 

88.3 

15.0 

1500* 

16.0 

24.0 

104.8 

25.35 

61.0 

28.0 

3.2 

73.7 

0.482 

1486 

6.3 

33.7    139.0 

33.4 

60.0 

27.0 

3.2 

53.4 

0.505 

87.8 

15.0 

1513 

6.3 

!   33.7    139.0 

33.9 

60.0 

26.8 

3.2 

49.5 

0.537 

88.0 

15.1 

1500 

5.6 

5.6      19.8 

— 

60.0 

— 

— 

— 

— 

Motori 

ng  test 

Remarks. — Heating  to  air  intake 
<jutput  varies  as  voltage  squared.) 


*  Slighth,'  unstable. 

88  volts  =  65  B.Th.Us.  per  minute  (energy 
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REMARKS  Ox\  TEST   RESULTS. 


With  Low  and  High  Compression  :  Series  I. 

It  was  observed  that  at  all  speeds,  and  both  with  high  and  low 
compression,    the   thermal    efficiency    obtained    with    alcohol    was 


l.M.E.P  Lb,  per  sq.in.qauqs 

Series  I. 
Fig.  38. — ^Relation  between  l.M.E.P.  and  consiunption  at  different 

speeds. 
Compression-ratio  3.8  :   1  ;    heating  to  air  intake  0.0435  B.Th.Us.  per 
min.  per  r.p.m. 

Ethyl  alcohol  95  Vol.  per  cent. 
Tests   1-4. 

higher  than  that  hitherto  obtained,  either  with  petrol  at  the  lower 
compression-ratio  or  with  benzole  at  the  higher.  In  view  of  this 
fact,  we  thought  it  not  onlv  desirable  to  carry  out  a  special  series- 
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of  check  tests  on  petrol  at  the  lower  compression-ratio,  but  also 
to  measure  and  record  the  distribution  of  heat  in  all  cases.  We 
therefore  arranged  to  measure  the  heat  taken  up  by  the  cooling  water 
during  every  test  throughout  Series  I.  and  II.  This  necessarily 
involved  a  great  deal  of  extra  time  and  trouble,  but  the  results 
obtained  are  verv  interesting. 


150  160 

l.M.E.P,  Lb.  per  sq.  inch  gouge 

Fig.  39. — Relation    between  l.M.E.P.  and  consumption  at  different 

speeds. 

Compression-ratio  7:1;  heating    to   air  intake  0.0435  B.TIi.  Us.  per 
minute  per  r.p.m. 

Ethyl  alcohol  95  Vol.  per  cent. 
Tests  5-8. 


This  series  also  included,  as  agreed,  a  check  test  on  petrol  "A" 
over  the  whole  available  range  of  mixture  strength,  and  at  a  com- 
pression-ratio of  5.0:1.  This  test  was  run  at  the  same  jacket 
temperature  and  with  the  same  heat  input  to  the  carburettor  as  in 
the  case  of  the  alcohol  series.  For  convenience,  however,  it  was  run 
at  a  piston  speed  of  2000ft.  per  minute,  or  1500  reV3.  per  minute, 
instead  of  1600ft.  per  minute. 

o 
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The  following  observations  may  be  noted  : — 

(1)  That  at  all  speeds  the  efBcieucy  obtained  with  alcohol  and 
uith  a  compression-ratio  of  3 . 8  :  1  is  substantially  greater  than 
that  obtained  with  petrol  under  precisely  similar  conditions  ;  the 
same  applies  at  the  high  compression-ratio  as  between  alcohol 
and  benzole. 

(2)  That  in  both  cases  the  etiiciency  is  nearly  independent  of 
speed  (rising  slightly  with  increase  of  speed),  and  in  both  cases 


0-7    i 


110  120 

,M.E.R  Lb.per  sq.  In.  qauge 


0-6    ^ 


Series  I. 

Fig.  40. — Relation  between  I.M.E.P.  and  fuel  consumption  at 
different  speeds. 

Compression-ratio  3.8  :    1  ;    heating  to  air  intake  0.0435  B.Th.Us.  per 
inin.  per  r.p.m. 
Petrol  "A." 
Check  test. 


the  power  or  mean  pressure  increases  in  approximately  the  same 
proportion  with  increase  of  speed. 

(3)  That  the  heat  delivered  to  the  jacket  water  is  very  sub- 
.stantially  less  in  proportion  to  the  total  heat  of  the  fuel  with 
alcohol  than  with  petrol,  due  to  the  lower  temperature  of  the 
cycle,  which  accounts  for  the  higher  thermal  efficiency  observed. 
(See  Heat-Balance  Sheets  and  Fig.  42.) 

(4)  That  relatively  with  petrol  or  benzole  the  thermal  effi- 
ciency obtained  with  alcoliol  is  equally  high  at  high  or  low 
compression.     (See  Fig.  41.) 
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100 


wo 


120  130  HO  150 

LMFP  lb.  per  square  inch  gauge 


160 


170 


<80 


Series  I. 

Fig.  41. — Figs.  38-40  combined  to  show  relative  I.M.E.P.  and 
consumption  at  different  compression-ratios  and  speeds. 

Ethyl  alcohol  95  Vol.  per  cent  and  petrol  "  A." 
Tests  1-8  and  checks. 


Minimum  Fuel  Consumption 
(Pints  per  I.H.P.  per  Hour). 


I.M.E.P.   at   20  per  cent  Richer 
than  at  Minimum  Fuel  Consump- 
tion (lb.  per  sq.  in.). 


R..p.in.  Petrol. 
iR  =  3.8 


Alcohol, 
R  =  3.8. 


Alcohol. 
R  =  7.0. 


B.p.m.  Petrol.   Alcohol.   Alcohol. 
R  =  3.8   R  =  3.8.'r  =  7.0. 


975  I  0.538 
1300        — 
1500      0.536 
1675      0.530 


0.835  0.593 

0.825  0.586 

0.835  j    0.590 

0.825  0.578 


975  113.0  120.5  j  152.0 

1300        —  128.5  I  160.0 

1500  ,  120.5  134.5  168.5 

1675  125.0  138.5  I  174.0 


Heating  and  cooling  conditions  practically  the  same  for  all  curves. 

O   2 
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(5)  There  is  absolutely  no  indication  that  alcohol  requires  a 
high  compression  or  is  unsuitable  for  high  speed  with  low  com- 
pression. The  curves  both  of  power  output  and  efficiency  at 
any  compression  or  at  any  speed  run  virtually  parallel  with 
those  obtained  from  petrol,  benzole,  or  any  other  hydro-carbon 
fuel,  provided  that  the  ignition  timing  is  correctly  adjusted  for 
each  fuel.     (See  Fig.  43.) 

(6)  When  running  with  a  compression-ratio  of  7  :  1  and  at 
speeds  of  over  1700  revs,  per  minute,  occasional  pre-ignition 


220       240  ZoO  280  300  320  34-0  360  380  400 

Total  fuel  supplied  Inthoi^sands  of  B.TU'aperhoun 

Series  I. 

Fig.    42.— Distribution    of    heat    between    I.H.P.,    cooling    water, 
exhaust,  etc.,  with  varying  mixture  strength. 

Full  lines,  ethyl  alcohol  95  Vol.  per  cent. 
Dotted  lines,  petrol  "  A." 


I 


occurred,  but  there  were  no  signs  of  detonation.  In  view  of  the 
great  increase  in  the  maximum  pressure  (and  the  constant 
destructive  effect  of  pre-ignition)  and  the  relatively  small  gain 
in  economy  with  further  increase  in  compression,  it  is  very 
doubtful  whether  it  will  ever  be  desirable  to  operate  with  a 
compression-ratio  in  excess  of  7  :  1. 
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The  test  sheets  of  Tests  Nos.  1  to  8  and  the  Heat-Balance  Sheets 
of  Tests  Nos.  1  to  6  and  No.  8,  give  all  the  readings  taken  during 
this  series.  The  curves  in  Figs.  38,  39,  40  and  41  show  the  results 
given  in  the  test  sheets  plotted  in  terms  of  indicated  mean  pressure 


«00        1000 


1100 


1200 


1300  140O 

R.P.  M. 


1500        1600 


1700 


Series  I. 

Fig.  43. — Variation  of  I.M.E.P.  Avith  speed  at  different  compression- 
ratios  at  full  throttle.     Temperature  and  mixture  strength  similar. 

Heating  to  air  intake  0.043.5  B.Th.Us.  per  min.  per  r.p.m 
Ethyl-alcohol  95  Vol.  per  cent  and  petrol  "  A." 
Tests  1-8  and  check. 

and  fuel  consumption  in  pints  per  indicated  horse-power  per  hour 
reduced  to  1.5°  C.  The  curve  in  Fig.  42  gives  the  heat  distribution 
with  varying  mixture  strength,  and  is  a  summary  of  the  heat-balance 
sheets.    Fig.  44  shows  the  variation  in  fuel  consumption  over  a  range 
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of  speed  of  from  975  to  1675  revs,  per  minute  at  compression-ratios 
of  3.8:1  and  7:1.  Fig.  43  shows  the  variation  in  mean  pressure 
over  a  range  of  speed  of  from  975  to  1675  revs,  per  minute,  the  mean 
pressure  in  each  case  being  that  obtained  with  a  mixture  strength 
15  per  cent  richer  than  the  most  economical  setting.     Fig.  45  shows 


900 


ig=~ 


i Alcohol  at  R-3-S 


-©- 


)Alcohol  at  R-  b-0 


Alcohol  at  R-7-0 


Petrol  at  R-3-8 


4s.Petrol  at  5-0 


10-9 


0-8 


0-7     ^ 


1000 


1100 


1Z00 


1300 
R.RM. 


1400        1500 


1600 


0-6 


^0-5 


0-4 


1700 


Sekies  I. 

Fig.  44. — Variation  of  minimum  consumption  witli  speed  at  different 
compression-ratios.     Full  tlirottle. 


the  variation  of  indicated  thermal  efficiency  with  speed  at  different 
compression-ratios. 


Throttle  Tests  Varying  Load  :  Series  II. 

This  series  requires  no  comment,  for,  as  will  be  seen  from  the  tost 
sheets  and  from  Figs.  48,  48a,  48b,  and  48c,  the  behavioiu:  of  petrol 
and  alcohol  under  throttled  conditions  was  identical  in  every  respect. 
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In  this  series,  as  in  Series  I.,  we  deemed  it  advisable  to  take  read- 
ings of  the  complete  heat-balance  in  every  instance.  As  explained 
previously,  we  did  not  run  the  check  test  on  petrol  at  the  lower 
speed,  but  from  data  which  we  already  have,  we  are  satisfied  that 
the  relation  between  the  behaviour  of  alcohol  and  that  of   petrol 


< 

lO      IT) 

S) 

■ 

1   1 
5   & 

[ , 

p 

o- 

<. 

CO 

1 

c 

1  ( 

1 
1 

i 

J 

5> 

1600 


1500 


1400 


1300   5 


1200 

c 


1100 


TOO 


900 


40  35  30  25  20 

Indicated  thermal  efficiency  % 

Series  I. 

Fig.   45. — ^Variation  of  indicated  thermal  efficiency  with  speed  at 
different  compression-ratios,  full  throttle. 

Gross  calorific  value  of  alcohol  =  11,130  B.Th.Us.  per  lb. 
Gross  calorific  value  of  petrol  '"  A"  =  18,580  B.Th.Us.  per  lb. 
Tests  1-8  and  checks. 


is  the  same   at   the  lower  speed  as  at  the  higher  speed,  as  indeed 
might  be  expected. 

With  Hot  and  Cold  Jaclcet  Water  {Figs.  49  and  51) ;  Series  III, 

This  series  was  run  with  a  constant  heat  input  to  tlie  carburettor 
of  65  B.Th.Us.  per  minute,  0.0433  B.Th.Us.  per  revolution  per 
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0-9         0-8         07  0-6         0-5 

fuel  consumption,  pts  per  I. H. P.  per  hou'^ 

Series  II. 

Fig.  46. — Variation  of  I.M.E.P.  and  consumption  with  variation  in 

throttle  opening. 

Compression-ratio  5.45  :     1  ;   revs,   per  rniniite   1500;    heating  to  air 

intake  proportional  to  throttle  opening  and  equal  to  (55  B.Th.Us.  per  min. 

at  full  torque. 

Alcohol  95  Vol.  per  cent  and  petrol  "A." 
Teste  1-4  and  check  tests.  1-4. 
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minute,  and  under  identical  conditions  in  every  respect,  except  as  to 
the  temperature  of  the  jacket  water.  Both  sets  of  tests  were  carried 
out  during  one  continuous  run,  throughout  which  the  speed  was 


1-1  (-0  0-9  0-8  0-7 

Fuel  consumption  pts.  per  I.H.Rper  hour 


Sekies  II. 

Fig.    47. — Variation  of  I.M.E.P.   and  consumption  with  variation 
in  throttle  opening. 

Compression-ratio  5.45  :  1  ;  revs,  per  minute  950  approx.;  heating  to 
air  intake  proportional  to  throttle  opening  and  equal  to  40  B.Th.Us.  per 
min.  at  full  torque. 

Alcohol  95  Vol.  per  cent. 

Tests  5-8. 


maintained  constant,  and  the  engine  run  with  wide-open  throttle. 
During  the  hot  test,  which  was  run  first,  the  water  circulation  was 
adjusted  to  give  the  highest  temperature  that  could  be  maintained 
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without  boiling,  while  during  the  cold  test  the  maximum  flow  of 
cooling  water  was  employed.  It  will  be  observed  that  the  indicated 
horse-power  obtained  during  the  cold  test  was  about  6  per  cent 
greater  than  during  the  hot  test,  simply  on  account  of  the  greater 
weight  of  charge  taken  into  the  cylinder.  The  consumption  per 
indicated  horse-power  per  hour  at  most  economical  load  was  found 
to  be  0.694  pints  during  the  hot-jacket  test,  and  0.688  pints  during 


!      !      i      i 

1                 Ateohol    ■ 

1                                                                           .                         1                         L                        ! 

( 

I 

1 1 

; 

f       . 
1        1 

1            ^            !            ! 

1          ^          I          1          1 

!                  !         i         1         i 

I'll 

/ 

^ 

Petrol 

i 

1 

1      — ' 

; 

j 

0-7 


0-6    „. 


-10-5 


0-4 


40'/, 


60V,  B0'/»  100^ 

Tlirotte  openirq  oeroenlaqe  of  torque 


Series  II. 

Fig.    48. — -Relation   between   minimum   consumption   and   throttle- 
opening. 

Compression-ratio  5.45  :   1  ;    heating  proportional  to  maxinuim  power 
under  each  condition. 

Alcohol  95  Vol.  per  cent  and  petrol  "A." 
Tests  1-4  and  checks. 


the  cold-jacket  test.  Owing  to  the  very  low  piston  friction  in  this 
engine,  the  actual  brake  horse-power  was  also  considerably  greater 
during  the  cold-jacket  test,  while  the  motoring  tests  revealed  the 
fact  that  the  total  mechanical  losses  varied  only  by  the  equivalent 
3  lb.  mean  effective  pressure  as  between  the  two  conditions.  In 
many,  if  not  in  most  car  or  com.mercial-vehicle  engines,  the  piston 
friction  is  so  severe  and  so  dependent  upon  the  temperature,  that 
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it  is  very  probable  that  the  brake  horse-power  might  be  actually 
lower  with  cold  than  with  hot  jacket  water,  even  though  for  this  to 
be  the  case,  the  increase  in  piston  friction  as  between  cold  and  hot 
jacket  water  would  have  to  be  equivalent  to  no  less  than  8.51b. 
per  sq.  in.  mean  pressure,  the  difference  in  the  maximum  indicated 
mean  pressure  observed  during  these  two  tests.     From  these  tests 
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1. 100%  full  load  torque.  fulUhrottle. 

2.  80%  full  load  torque, 

3.  60% full  load  torque. 

4.  40%  full  lood  torque. 

7\ 


Heat  to  cooling  water. 

Meat  to  exhaust  radiation,  etc. 
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Total  fuel  supD!ied.B.'.^iU.  per  hour  x1000. 
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Series  II. — Heat -balance. 

Fig.    48   (a). — Distribution   of   total   heat   between   I.H.P.,   water 

and  exhaust. 

Mixtizre  strength  varied  as  indicated  by  the  horizontal  ordinate. 
Ethyl  alcohol  95  Vol.  per  cent. 
Tests  1-4. 

it  is  quite  clear  that  the  result  of  raising  the  jacket  water  tempera- 
ture is  merely  to  reduce  both  the  power  output  and  efficiencv,  as 
is  the  case  with  petrol,  benzole,  or  any  otlier  reasonably  volatile  fuel. 
In  no  instance  has  any  gain,  either  in  indicated  power  or  efficiency, 
been  observed  with  iacrea.'se  of  jacket  temperature  in  the  case  of 
fuels  boiling  below  200"  C. 


204 


THE    INSTITUTION    OF   AUTOMOBILE   ENGINEERS 


i.l007ofull  load  Torque    full  throttle. 

2.  80 ?o  full  load  torque. 

3.  60  7o full  load  torque. 
4  4-0% full  load  torque." 


Meot  to  cooling  woter 

I MeoT  ro  exhaust  radiation,  etc. 


40        80  120  160         200         240         280 

ToTo'  fuel  supplied  B.Th.U.  per  hour  x1000. 
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Series  II. — Heat-balance. 

Fig.    48    (b). — Distribvition   of   total   heat   between   I.H.P.,    water 

and  exhaust. 

Mixture  strength  varied  as  indicated  by  the  horizontal  ordinate. 
Ethyl  alcohol  95  Vol.  per  cent. 
Tests  0-8. 
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With  Heated  and  Unhealed  Carburettor  {Figs.  50  and  51) ;  Seri&s  IV. 

It  will  be  observed  that  when  the  heat  input  to  the  carburettor 
IS  equivalent  to  100  B.Th.Us.  per  minute,  the  power  output  with  a 
mixture  strength  giving  a  consumption  of  0.8  pints  per  indicated 


200  300  400 

Total  fuel  supplied. B.Th.U.  per  hour  x10QQ 


Series  II. — Heat -balance. 

Fig.    48    (c). — Distribvition   of   total   heat    between    I.H.P.,   water 

and  exhaust. 

Mixture  strength  varied  as  indicated  by  tlie  horizontal  ordinate. 
Petrol  "A." 
Check  Tests  1-4. 


horse-power  per  hour  drops  7.2  per  cent,  as  compared  with  no  heat 
input,  but  the  efficiency  rises  about  1  per  cent,  due  largely  to  a 
reduction  in  the  condensation  losses.  In  the  case  of  a  multiple- 
cylinder  engine,  the  difference  in  efficiency  as  between  these  two 
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conditions  of  heating  would  be  greater,  thougli  bow  much  greater 
must  depend  largely  on  the  design  of  the  carburettor,  and  more 
particularly  that  of  the  induction  system.  The  greater  power  output 
obtained  Avdth  no  heating  is  due,  of  course,  to  the  greater  density  of 
the  charge,  xlttention  should  be  dra^m  to  the  measurement  of  the 
gas  temjDeratures  in  the  induction  pipe  in  these  two  tests.  Although 
the  absolute  values  of  these  temperatures  cannot  be  relied  upon, 
because  the  thermometer  behaves  to  some  extent  as  a  wet-bulb  ther- 
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130  140 

LM.LP  lb.  per  sq.  In.  gauge 


150 


160 


Series  III. 

Fig.  49. — Influence  of  temperature  of  cooling  water  on  consumption 
and  I.M.E.P.  at  full  throttle  opening. 

Compression-ratio  5:1;    revs,  per  minute  1500  ;    heat  to  air  intake 
65  B.Th.L's.  per  minute. 

Ethyl  alcohol  95  Vol.  per  cent. 
Tests  1  and  2. 


mometer,  yet  the  relative  figures  are  a  fair  indication  of  the  rate  of 
evaporation  of  the  alcohol.  In  spite  of  the  iact  that  in  the  case  of 
Series  IV.,  heat  was  being  applied  at  the  rate  of  100  B.Th.Us.  per 
minute,  the  temperature  of  the  gas  was  only  11  degrees  higher  than 
when  no  heat  was  applied.  Compared  with  the  tests  on  full  throttle 
in  Series  II.,  corrected  for  a  compression-ratio  of  5  :  1,  and  also  the 
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tests  iu  Series  III.,  with  a  heat  input  of  65  B.Th.Us.  per  minute, 
with  approximately  the  same  jacket  temperature,  and  at  the  same 
speed  and  compression,  the  results  are  as  in  Table  XIII.  : — 

Table  XIII. 


Series 


Jacket 
water 
(°C.) 


Heat  input 
(B.Th.Us. 

per  minute) 


Minimum  fuel 

consumption 

(pint  per  I.H.P. 

per  hr.) 


Indicated  mean 

pressure  with 

consumption 

(0.8  pint  per  I.H.P. 

per  hr.  (lb.  per  sq.  in.) 


II. 

60 

65 

0.679 

151.0 

III. 

85 

65 

0.694 

147.3 

35 

65 

0.688 

156.6 

IV. 

60 

100 

0.676 

145.8 

60 

Nil 

0.696 

157.1 

Series  III.  and  IV.  indicated  that  the  thermal  efficiency  rises 
shghtly  ^vith  increase  of  heat  input  to  the  carburettor,  but  falls  with 
increase  of  heat  to  the  jacket  water.  In  either  case,  the  addition  of 
heat  to  the  working  fluid  from  either  source  reduces  the  power  output 
obtainable,  as,  indeed,  would  be  expected. 


J^oies  on  the  General  Behaviour  of  the  Engine  when  Running  on  Ethyl 
A  Icohol. 

At  all  times  and  under  all  conditions  the  running  of  the  engine 
was  noticeably  sweeter  and  smoother  than  on  petrol,  and  this  applies 
even  to  the  highest  compression  used,  namely,  7:1,  corresponding 
to  a  compression-pressure  of  approximately  185  lb.  per  sq.  in.  No 
trace  of  detonation  occurred  under  any  circumstances,  but  during 
the  tests  in  Series  I.,  with  a  compression-ratio  of  7  :  1,  pre-ignition 
set  in  after  a  prolonged  run  at  1675  revs,  per  minute.  The  pre- 
ignition  when  it  occurred  was  of  an  extremel)''  violent  nature,  as, 
indeed,  might  be  expected  at  so  high  a  compression-ratio.  Examina- 
tion of  the  plug  points  showed  nothing  to  indicate  the  cause.  In  this 
respect,  namely,  its  tendency  to  pre-ignite  without  any  preliminary 
warning  in  the  way  of  detonation,  the  behaviour  of  alcohol  resembles 
that  of  the  various  members  of  the  aromatic  series,  and  certain  other 
iuels  we  have  tested.  It  was  noted  that  under  all  conditions  alcohol 
requires  a  few  degrees  more  ignition  advance  than  does  petrol,  and 
this  becomes  the  more  noticeable  when  working  with  weak  mixtures. 
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Throughout  the  tests  there  has  been  no  indication  of  anv  harmful 
effects,  nor  has  the  power  output  or  efficiency  of  the  engine  varied 
measurably  between  the  start  and  finish. 

It  may  be  of  interest  to  note  that  on  several  occasions  the  engine 


120 


130  UO 

I.M.E.P  lb.  per  sq.  in  gauqe 


150 


Sekies  IV. 

Fig.  50.— Influence  of  heat  to  intake  on  consumption  and  I.M.E.P. 
at  full  throttle  opening. 

Compression-ratio  5  :   1;  revs,  per  minute  1500  ;  jacket  outlet  tempera, 
ture  60°  C. 

Ethyl  alcohol  95  Vol.  per  cent. 
Tests  1  and  2. 


started  up  from  "  all  cold  "  on  ethyl  alcohol,  and  that  it  invariably 
started  at  once  after  standing  several  hours  between  tests. 

A  practical  difficulty  may  arise  during  any  transition  period,  when 
changing  over  from  alcohol  to  petrol,  due  to  the  deposition  of  water 
in  the  svstem. 
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Series  III.  axd  IV. 

Fig.  51. — ^Influence  of  heat  to  air  intake  and  of  circulating  water 
on  consumption  and  I.M.E.P.  at  full  throttle  opening. 

Compression-ratio  o   :    1  ;    revs,  per  minnte  1.300. 


Heat  to  intake,    Jacket 
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TESTS   ON   90  VOL.  PER  CENT    AND  99  PER  CENT 
ALCOHOL. 


{feneral  Notes. 

Since  the  tests  reported  in  the  preceding  pages,  the  expe- 
rimental engine  has  had  a  serious  breakdown.  When  running 
some  experiments  with  a  very  high  compression-ratio,  th(» 
connecting-rod  split  suddenly,  wrecking  the  piston,  cylinder, 
and  the  whole  of  the  valve  gear.  It  has  therefore  been 
necessary  to  dismantle  the  engine  entirely  and  to  fit  a  new 
cylinder,  connecting-rod,  piston,  and  valve  mechanism.  Although 
every  possible  care  has  been  taken  to  restore  exactly  the  conditions 
which  obtained  before  the  accident,  the  fitting  of  new  valves,  cylinder, 
piston,  and  piston  rings  has  necessarily  altered  slightly  the  calibration 
of  the  engine,  and  although  before  commencing  this  second  batch 
of  tests  the  engine  had  been  run  for  between  50  and  60  hours,  neither 
the  power  output  nor  the  efficiency  on  standard  fuels  is  quite  so 
high  as  it  was  previously.  The  difference  is,  however,  exceedingly 
i^mall,  for  the  slightly  reduced  power  output  obtained  is  due  largely 
to  the  very  high  atmospheric  temperature  which  prevailed  at  the 
time  these  experiments  were  run.  When  due  allowance  is  made 
for  the  higher  atmospheric  temperature  conditions  prevailing  during 
these  tests  as  compared  wnth  those  reported  previously,  it  will  be 
found  that  the  performance  of  the  engine  has  depreciated  to  the 
extent  of  between  0.5  per  cent  and  1  per  cent.  This  fact  unfor- 
tunately prevents  direct  comparisons  being  made  between  the  test 
results  now  submitted  and  those  reported  previously  ;  we  had, 
however,  just  sufficient  of  the  95  Vol.  per  cent  alcohol  left  to  enable 
lis  to  carry  out  check  tests,  and  these  are  shown  in  the  test  sheets 
and  curves  of  the  first  and  second  series,  namely,  at  compression- 
ratios  of  3 . 8  :  1  and  6:1. 

The  apparatus  employed  and  the  procedure  adopted  throughout 
was  precisely  the  same  as  in  the  previous  tests,  with  the  exception 
that  in  the  case  of  one  set  of  tests  on  each  fuel  in  Series  IIL  we 
brought  into  operation  our  new  air-measuring  device,  referred  to 
on  p.  134  and  illustrated  in  Figs.  52  and  53. 

The  tests  in  Series  I.  were  commenced  with  a  compression-ratio 
of  7  :  1 ,  but  after  running  for  some  time  some  violent  pre-ignitions 
occurred,  due  to  scale  on  the  sparking-plug  points.    In  view  of  the 
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accident  to  the  engine  referred  to  above  and  owing  to  the  very 
violent  natnre  of  the  pre-ignitions  (which  are  always  liable  to  occur 
at  so  high  a  conipression-jiressure),  we  deemed  it  ad\'isable  to  reduce 
the  compression-ratio  to  6  :   1  for  this  Series. 

In  our  tirst  report,  p.  112,  we  explained  the  method  we  adopted  in 
arriving  at  the  effective  calorific  value  of  the  95  Vol.  per  cent 
alcohol,  a  ]nethod  to  which  we  have  adhered  in  the  case  of  the 
■90  Vol.  per  cent  and  the  99  per  cent  samples.  Following  this 
reasoning,  we  arrive  at  the  values  shown  in  Table  XIV.  :^- 

Table  XIV. 


Xominal 

Specific 

Ethvl 

Water 

Latent  lieat 

Total   latent 

strength 

gravity  at 

alcohol  by 

content  bv 

of  alcohol. 

heat. 

of  fuel. 

15=  C. 

weight. 

weight. 

B.Th.Us. 

B.Th.Us. 

Per  cent. 

Per  cent. 

Per  cent. 

per  lb. 

per  lb. 

90  Vol. 

0.8315 

86.5 

1.3.5 

343 

474 

95  Vol. 

0.8155 

92.5 

7 . 5 

367 

440 

99 

0.7955 

99.4 

0.6 

394 

400 

Calorific 

Add  94  per 

Effective 

Effective 

Gross  latent 

Noiijinal 

valne  (ex 

cent  latent 

calorific 

calorific 

heat  of 

strength 

latent  heat). 

heat  of 

value. 

value. 

evaporation 

of  fuel. 

B.Th.Us. 

alcohol. 

B.Th.Us. 

B.Th.Us. 

B.Th.Us. 

Per  cent. 

per  lb. 

B.Th.Us. 
per  lb. 

per  lb. 

per  pint. 

per  pint. 

90  Vol. 

10,080 

320 

10,400 

10.810 

492 

95  Vol. 

10,780 

345 

11,125 

11.340 

449 

99 

11,580 

370 

11,9.50 

11,890 

398 

Dfscn'pdon  of  Apparatus. 

For  the  measurements  of  air  consum[)tion  we  made  use  for  the 
purpose  of  these  tests  of  a  special  air-measuring  device  (Figs.  .52 
and  53),  consisting  of  a  small  balanced  and  water-sealed  gas  holder 
having  a  total  capacity  of  approximately  120  cu.  ft.  and  containing, 
therefore,  about  100  per  cent  excess  air  capacity  for  the  com- 
bustion of  I  pint  of  fuel  at  the  weakest  mixture  strength.  The  air 
intake  to  the  carburettor  is  controlled  through  the  medium  of  an 
■electrically-operated  double-beat  valve,  by  means  of  which  the  air 
supply  to  the  engine  can  be  changed  over  instantaneously,  either 
irom  the  outside  air  or  from  the  gas  holder.  When  drawing  air 
from  the  gas  holder  the  consumption  is  recorded  automatically  in 
the  following  manner.  From  the  toji  of  the  holder  a  chain  passes 
over  a  small  sprocket  wheel,  on  the  spindle  of  which  is  also  mounted 
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a  large-diameter  ratchet  wheel  ;  a  pawl  bears  against  this  latter,  aiirt 
as  the  gas  holder  falls  and  the  siirocket  and  ratchet  wheels  rotat.-, 
the  pawl  makes  and  breaks  contact  on  a  low-voltage  supply  (Fig.  53)_ 
The  number  of  teeth  on  the  sprocket  and  ratchet  wheels  have  been 
so  chosen  that  each  complete  make  and  break  of  contact  by  the 


liO  130  (+0 

Ir.dicated  M53I1  Effectivs  Pressure  Lb.per  sq. in. 


Series  I. 

Fig.    54. — Variation   of   I.M.E.P.    and   consumption   with   mixture- 
strength. 

Compression-ratio  6:1:  rev.s.  per  minute  1500  :  jacket  temperature- 
60°  C;  heat  to  aii-  intake  65  B.Th.Us.  per  minute  (0.0433  B.Th.Us.  per 
r  evolution). 

Alcohol  99  Vol.  per  cent.  95  Vol.  per  cent,  and  90  Vol.  per  cent. 

Tests  1  and  2  and  check. 

pawl  corresponds  with  a  displacement  of  exactly  one-fiftJi  of  a  cu.  ft. 
in  the  holder.  On  the  oi)erator's  desk  is  mounted  an  ordinary  revo- 
lution counter,  also  operated  by  means  of  a  pawl  and  ratchet  ;  in 
this  case,  however,  the  pawl  is  operated  by  means  of  an  electro- 
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110  1Z0,  130 

Ind.  mean  effective  pressure  Lb.  per  sq.inch. 


Series  II. 

Fig.    55. — Variation   of   I.INLE.P.   and   consumption   with   mixture 

strength. 

Compression-ratio   3.8  :    1  ;    1500  revs,  per   minute;    jacket  tempera- 
ture, 60°  C;  heating  to  air  intake  65  B.Th.tJs.  per  minute. 
Alcohol  90,  95,  and  99  Vol.  per  cent. 
Tests  1  and  2  and  cheek. 
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magnet  in  circuit  with  the  contact-maker  on  the  holder.  Tlie 
counter  therefore  records  exactly  the  consumption  of  air  in  one- 
fifths  of  a  cu.  ft.  The  air-recording  counter  and  the  magnetically- 
controlled  revolution  counter  on  the  engine  are  both  operated  by 
the  same  low-pressure  circuit  and  controlled  by  the  same  switch, 
so  that  both  the  revolutions  of  the  engine  and  its  air  consumption 
during  that  number  of  revolutions  are  .«imultaneously  recorded. 


&:!!!I£:l:q2io-6o:i 
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Series  I.  and  II. 

Fig.    56. — Variation   of   I.M.E.P.   with   different   concentrations   of 
ethyl  alcohol  and  water  for  high  and  low  compression-ratios. 


The  air  holder  is  filled  by  means  of  an  electrically-driven  rotary 
blower  which  delivers  air  through  a  non-return  valve  in  the  form  of 
an  oil  seal.  This  blower  is  started  after  the  completion  of  a  con- 
sumption test  and  is  stopped  automatically  so  soon  as  the  air  holder 
is  filled.     Thermometer  pockets  are  provided  on  the  air  intake  to 
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the  fan  and  also  on  the  air  passage  from  the  holder  to  the  engine, 
and  the  temperature  of  the  air  is  recorded.  Care  is  taken  to  fill  the 
holder  only  a  few  seconds  before  each  test  is  taken,  and  since  the 
normal  duration  of  a  test  at  full  power  is  only  about  50  seconds  it 
iollows  that  the  holder  is  filled  and  exhausted  in  considerably  less 
than  2  minutes.  Under  ordinary  weather  conditions  the  tempera- 
ture-difference of  the  air  before  and  after  entering  the  holder  does 
not  exceed  1  degree  C,  and  even  under  the  most  extreme  conditions 
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Series  I.  and  II. 

Fig.  oT. — Variation  in  thermal  efficiency  Avith  different  concentra- 
tions of  ethyl  alcoliol  and  water  for  high  and  low  compression-ratios. 

and  with  the  most  intense  sunlight  on  the  holder  it  does  not  exceed 
2  degrees  C.  when  the  tests  are  carried  out  reasonably  quickly. 


Series  I.  ami  II. 

For  reasons  already  explained  this  series  was  run  at  compression- 
ratios  of  6  :  1  and  3.8  :  1  instead  of  7  :  1,  as  had  orginally  been 
employed  in  the  previous  series  of  tests  already  reported  upon.  In 
view  of  the  fact  that  the  calibration  of  the  engine  generally  had 
been  somewhat  diibturbed  by  its  breakdown,  and  also  because  no 
preA'ious  te.sts  had  been   run  at   a  compression-ratio  of  6  :  1   on 
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95  Vol.  per  cent  ethyl  alcohol;  we  deemed  it  desirable,  for  com- 
parative purposes,  to  run  afresh  a  directly  comparable  series  on 
95  Vol.  per  cent  ethyl  alcohol,  of  which  jiist  sufticient  remained  from 


120  130  UO  150 

Ind.  mean  effective  pressure.  Lb. per  sq.in. 


Series  III. 

Fig.  58. — Variation  of  I.M.E.P.  and  fuel  consumption  with  mixture 

strength. 

Compression-ratio  5:1:    no  heating  to  air  intake. 
Alcohol.  90  and  90  Vol.  per  cent. 
Test  1. 
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the  last  barrel  supplied  to  us.  From  an  academic,  if  not  also  from  a 
practical  point  of  view,  this  series  has  proved  particularly  interesting. 
Apart  from  the  obvious  one  of  their  diflferent  calorific  values,  the 


120  130  140  150 

Indicated  mean  eCfective  pressure.  Lb.  per  sq. In. 

Series  III. 

FiGJ.    59. — -Variation   of   I.M.E.P.    and   consumption   with   mixture 

strength. 

Compression-ratio  5:1;   heating  to  air  intake  40  B.Th.Us.  per  minute. 
Alcohol  90  anid  99  Vol.  per  cent. 
Test  2. 


outstanding  difference  between  these  fuels  lies  in  their  different 
latent  heats  of  evaporation,  which  amount  to  approximately  4(X), 
440  and  474  B.Th.Us.   per  lb.   respectively  for  the    99  per  cent. 
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95  Vol.  per  cent  and  90  Vol.  per  cent  strengths,  or  398,  449  and  492 
B.Th.Us.  per  pint  respectively. 

As  pointed  out  in  our  previous  report,  the  whole  of  the  heat 


W  120  130  140  150 

Indlccred  meon  effective  pressure.  Lb.  per  tq.  mch. 

Sebies  III. 

Fig.    60. — Variation   of   I.M.E.P.    and   consumption   with  inixturo 

strength. 

Compression-ratio  5:1;    heating  to  air  intake  60  B.Th.Us.  per  min. 
Alcohol  90  and  99  Vol.  per  cent. 
Test  3. 


Tequired  to  overcome  the  latent  heat  of  evaporation  of  the  fuel  is 
supplied  : 

(a)  By  the  heat  supply  to  the  air  intake. 

(b)  By  contact  with  the  hot  walls  of  the  combustion  chamber, 

piston,  valves,  etc. 

(c)  By  admixture  with  the  hot  residual  exhaust  products. 
{(1)  By  the  heat  of  compression. 
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With  the  exception  of  (a)  and  (d)  the  direct  eSect  of  a  high  latent 
heat  of  evajjoration  is  to  increase  the  weight  of  working  fluid  retained 
in  the  cylinder  by  lowering  the  temperature  of  the  gases  therein  during 


100 


110  120  130  140 

Indicated  mean  effective  pressure.  Lb.  per  sq.in. 


Series  III. 

Fig.    61. — Variation   of   I.M.E.P.    and   consiimption   with   mixture 

strength. 

Compression-ratio  5:1;  heating  to  air  intake  120  B.Th.Us.  per  min. 
Alcohol  90  and  99  Vol.  per  cent. 
Test  4. 


the  period  of  the  suction  stroke.  So  long,  therefore,  as  the  thermal 
efficiency  remains  the  same,  i.e.,  so  long  as  the  same  proportion  of 
the  heat  of  combustion  of  the  fuel  is  converted  into  useful  work,  the 
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Series  III. 

Fig.    62.— Variation   of   volmnetric   efficiency,    I.M.E.P.    and    con- 
sumption with  mixture  strength. 

Compression-ratio  5:1;   heating  to  air  intake  60  B.Th.Us.  per  minute. 
Alcohol  90  Vol.  per  cent. 
Test  3. 
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power  output  will  be  proportional  to  the  absolute  temperature  of 
the  gases  retained  in  the  cylinder  at  the  end  of  the  suction  stroke, 
and  this  in  turn  will  be  governed  very  largely  by  the  latent  heat  of 
evaporation.  Provided,  therefore,  that  the  thermal  efficiency  is 
the  same,  we  might  reasonably  expect  to  find  an  increase  in  mean 
pressure  as  the  water  content  is  increased,  so  long  as  the  whole  of  the 
iuel  and  water  is  completely  evaporated  before  the  end  of  the  com- 


30      o 


200  300  -lOO  500 

Totol  heoi  cf  fuel  supplied  Inthojsonds  cf  E."^.U.  per  hour 


Series  III. 
Fig.  63. — -Variation  in  distribution  of  heat  with  mixture  strength. 

Alcohol  90  Vol.  per  cent. 

Compression-ratio  5:1;  heating  to  air  intake  60  B.Th.Us.  per  minute. 

Test  3. 


pression  stroke.  If,  however,  any  water  remains  in  a  liquid  state 
at  the  time  of  ignition,  then  it  is  clear  that  some  part  of  the  heat  of 
combustion  must  be  devoted  to  overcoming  the  latent  heat  of 
evaporation  and  a  direct  loss  both  in  power  and  efficiency  must 
result  therefrom.  We  may  therefore  expect  to  find  that,  as  the  water 
content,  and  therefore  the  latent  heat  of  the  fuel,  is  increased,  there 
wiM  be  a  nearly  corresponding  increase  in  power  output  until  a 
certain  critical  point  is  reached  when  any  further  addition  of  water 
will  result  in  a  rapid  diminution  in  power  and  efficiency.  Examined 
in  this  light,  the  results  show  that  even  in  the  case  of  the  90  Vol. 
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7  8  9  (0 

Air/fuel  ratio. by  weight. 
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\l 


Series  III. 

Fig.    64. — Variation    of   volumetric    efficiency.    I.M.E.P.    and    con- 
sumption with  mixture  strength. 

Compression -ratio  5:1:    heating  to  air  intake  CO  B.Tli.Us.  per  minute 
Alcohol  99  Vol.  per  cent. 
Test  3. 
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per  cent    alcohol  this  critical  point  was  never  reached  even  with 
mixture  strengths  more  than  30  per  cent  rich. 

Although  at  a  mixture  strength  about    20  per  cent  in  excess  of 
that  giving  complete  combustion  the  percentage  increase  in  mean 


Mixture  for  complete  combustion 
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Tofol  heot  of  fuel  supplied  in  thousands  of  B.ThUsper  hour. 

Series  III. 

Fig.  65. — Variation  in  distribution  of  heat  with  mixture  strength. 

Compression -ratio  5:1;   heating  to  air  intake  60  B.Th.Us.  per  niin. 
Alcohol  99  Vol.  per  cent. 
Test  3. 

effective  pressure  with  additional  water  is  about  the  same  at  the 
high  or  low  compression,  yet  when  the  mixture  is  enriched  beyond 
this,  again  there  is  some  divergence,  for,  at  the  low  compression,  the 
further  increase  in  mean  effective  pressure  with  additional  water  is 
less  than  at  the  higher  ratio,  suggesting  that  under  these  extreme 

Q 
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conditions  the  heat  of  compression  is  barcl\-  sufhcient  at  the  lower 
ratio  to  overcome  the  latent  heat  of  evaporation  of  the  whole  of  the 
liquid.  The  point  is  of  academic  interest  only,  for  the  difference  is 
trifling  and  it  is  found  only  when  operating  at  a  mixture  strenoth 
far  richer  than  would  ever  be  employed  in  practice. 


.0  20  40  60  80  too  \ZQ 

Heat  to  oir  intake.  B.Th.Us  per  min.at  1500  R.P.M. 

Series  II  [ 
Fig.    66. — Variation   of   I.M.E.P.   with  heating  to  air  intake. 

Compression-ratio  5:1. 
Alcohol  90  and  99  Vol.  per  cent. 
Tests  1-4. 


From  the  test  sheets  (Series  I.  and  II.)  and  the  graphs  Figs.  54 
to  57  it  will  be  observed  that  while  at  the  high  compression-ratio 
the  alcohol  is  burnt  at  substantially  the  same  thermal  efficiency 
irrespective  of  water  content,  at  the  low  compression-ratio  the 
efficiency  falls  as  the  water  content  is  increased.     This  apparent 
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discrepancy  has  been  observed  more  than  once  ;  in  fact,  the  tests 
at  the  low  compression-ratio  were  repeated  three  times  in  order  to 
make  absolutely  certain  that  there  was  no  experimental  error.  It 
will  be  observed  also  that  at  the  low  compression-ratio  the  range  of 
burning  on  the  weak  side  is  narrower  than  that  at  the  high  com- 
pression-ratio, but  there  was  no  evidence  that  the  water  content 
played  any  part  in  this  ;  in  fact,  a  slightly  wider  range  was  actually 
obtained  with  the  90  Vol.  per  cent  alcohol  than  with  either  of  the 
others,  though  the  difference  is  very  small  and  of  little  or  no  account. 


90  Vol  %  alcohol 


99%  alcohol. 


0-S 


0-7 


a> 
0_ 

X 


__  0-6 

0  20  40  60  SO  100  120 

Heat  10  air  intake.  B.Th.Us  per  min.  at  1500.  R.P.  M. 

SeHIjES    III. 

Fig.  67. — Variation  of  minimiun  consumption  with  heat  to 

intake. 

Conapression-ratio  5:1. 
Alcohol  90  ?.nd  99  Vol.  per  cent. 
Tests  1-4. 


Generally  speaking,  the  results  of  this  series  of  tests  show  that, 
so  long  as  there  are  no  distribution  troubles,  the  high  water  content 
is,  on  the  whole,  of  little  or  no  disadvantage,  for  wMle  the  efficiency 
falls  (as  between  the  99  per  cent  and  the  90  Vol.  per  cent)  from 
27.5  per  cent  to  26.6  per  cent  at  a  compression-ratio  of  3.8  :  1, 
a  drop  of  3 . 3  per  cent,  at  a  ratio  of  5  :  1  (see  next  series)  it  falls  only 
from  32.2  per  cent  to  31 .6  per  cent,  a  drop  of  less  than  2  per  cent, 
and  at  a  ratio  of  6  :  1  it  does  not  fall  at  all.  On  the  other  hand,  the 
presence  of  water  in  all  cases  both  increases  the  maximum  power 
output  obtainable  and  reduces  the  heat-flow  through  the  cylinder 
walls.    It  would  appear,  therefore,  that  in  high-compression  engines 

Q  2 
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there  is  a  substantial  advantage  to  be  gained  by  the  presence  of 
additional  water  and  with  no  loss  of  efficiency,  while  at  very  low 
compressions,  despite  the  loss  in  thermal  efficiency,  the  balance  of 
advantage  probably  lies  with  the  fuel  containing  the  greater  quantity 
of  water  in  solution. 

The  results  of  the  tests  made  for  Series  I.  and  II.  are  summarised 
in  Table  XV. 

Table  XV. 


Nominal 

Effective 

Latent  heat 

Minimum  con- 

strength of 

calorific  value. 

of  evaporation. 

sumption. 

Minimum 

fuel. 

B.Th.Us. 

B.Th.Us. 

Pints  per  I.H.P. 

consumption. 

Per  cent. 

per  pint. 

per  pint. 

per  hour. 
R  =  3.8  :    1. 

R  =  6  :    1. 

90  Vol. 

10,810 

492 

0.887 

0.655 

95  Vol. 

11,340 

449 

0.837 

0.632 

99 

11,890 

398 

0.788 

0.590 

Xominal 

Thermal 

Thermal 

Indicated 

Indicated 

strength  of 

efficiency. 

efficiencv. 

mean  pressure 

mean  press\ire 

fuel. 

R  =  3.8  :    1. 

R  =  6   :    1. 

(20  per  cent 

( 20  per  cent 

Per  cent. 

Per  cent . 

Per  cent. 

rich). 
R  =  3.8  :   1. 

rich). 
R  =  6  :    1. 

90  Vol. 

26.6 

36.2 

132.1 

157.1 

95  Vol. 

27.0 

35.9 

130.8 

155.  5 

99 

27.5 

36.2 

129.5 

153.7 

Series  III. 

In  this  series  of  tests  both  the  speed  and  compression  were  main- 
tained constant  at  1500  revs,  per  minute  and  5.0  :  1  respectively  ; 

Table  XVI. 


Heat  input. 
B.Th.Us.  per 

minute. 

90  per  cent  ethyl  alcohol. 

99  per  cent  ethyl  alcohol. 

Pints  per 
I.M.E.P.        !      I.H.P.  per 

;           hour. 

Pints  per 
I.M.E.P.               I.H.P.  per 
hour. 

0 

40 

60 

120 

152.5  0.763 

148.6  0.752 
145.5                      0.753 
137.5           '           0.745 

149.5           j           0.675 
145.5           1           0.665 
142.8           !           0.665 
133.5                      0.662 
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the  only  variable  was  the  rate  of  heat-input  to  the  carburettor. 
Four  complete  sets  of  tests  were  run  on  each  of  the  two  alcohol 
samples  with  heat-inputs  of  0.  40,  60  and  120  B.Th.Us.  per  minute. 
The  results  obtained  are  as  shown  in  the  acconipanving  test  sheets 
(Series  III.,  Tests  1-4),  pp.  237-240,  and  graphs  Figs.  5S-67.  The 
general  results  may  be  tabulated  as  in  Table  XVI. 

In  this  Table  the  fuel  consumption  is  that  recorded  at  the 
most  economical  mixture  strength  in  each  case,  while  the  mean 
effective  pressure  is  that  obtained  at  a  fuel  consumption  20  per  cent 
in  excess  of  the  most  economical. 

From  these  results  the  following  observations  may  be  drawn  : — - 

(1)  That  the  gain  in  economy  with  added  heat  is  somewhat 

greater  in  the  case  of  90  Vol.  per  cent  than  of  99  per  cent 
alcohol. 

(2)  That  the  drop  in  power  with  increase  of  heat  is  slightly  less 

in  the  case  of  90  Vol.  per  cent  than  it  is  with  the  99  per 
cent  alcohol. 

(3)  That  in  cases  where  the  problems  of  uniform  distribution 

do  not  arise  the  loss  in  power,  due  to  the  addition  of  heat, 
is  so  large  as  compared  with  the  small  gain  in  economy 
that  it  would  appear  desirable  to  use  as  little  pre-heating 
as  possible,  more  particularly  with  the  higher  concentra- 
tions of  alcohol. 

(4)  That  as  the  water  content  increases  preheating  becomes  less 

objectionable. 

The  prevalent  idea  that  alcohol  requires  a  great  deal  of  pre- 
heating and  that  it  should  in  fact  be  treated  like  kerosene  is  clearly 
quite  erroneous  ;  only  such  preheating  should  be  applied  as  is  abso- 
lutely necessary  to  correct  errors  in  distribution. 

In  the  two  sets  of  tests  with  a  heat-input  of  60  B.Th.Us.  per 
minute  we  also  made  measurements  of  the  distribution  of  heat- 
losses  and,  at  the  same  time,  we  brought  into  use  our  new  air- 
measuring  device  described  on  page  213  ante.  So  far  as  the 
distribution  of  heat  is  concerned  the  results  obtained  are 
shown  in  the  heat-balance  sheets  and  the  graphs  Figs.  41  and  43, 
from  which  it  vnW  be  observed  that  at  the  mixture  strength  giving 
complete  combustion  with  each  concentration  of  alcohol  the  heat- 
balance  is  as  follows  : — 

90  Vol.  per  cent  alcohol.        99  p?r  cent  alcohol. 
Per  cent.  Per  cent. 

Heat  to  I.H.P 30.9      31.3 

Heat  to  cooling  water       ..       ..      23.5      25.0 

Heat  to  exhaust  radiation,  etc.     45.  G      43.7 


Total 100.0  100.0 
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With  the  larger  water  content  the  thermal  efficiency  is  slightly 
lower  and  the  exhaust  losses  slightly  higher.  On  the  other  hand, 
the  heat  taken  up  by  the  cooling  water  is  distinctly  less,  indicating 
that  while  the  temperature  of  the  cj'cle  generally  is  lower,  combustion 
is  less  complete  or  is  delayed  due  to  the  presence  of  the  water.  The 
air  measurements  proved  particularly  interesting.  Though  expressed 
in  terms  of  volumetric  efficiency,  it  must  be  understood  that  these 
measurements  relate  to  the  volume  at  n.t.p.  of  air  only  entering  the 
cylinder.  The  air  is  measured  by  volume  and  is  reduced  to  terms  of 
standard  pressure  and  temperature,  i.e.,  760  mm.  mercury  and  0°  C. 
It  will  be  observed  that  when  the  mixture  strength  is  that  giving 
exactly  complete  combustion,  the  mean  effective  pressure  is  exactly 
the  same  in  both  cases,  namely,  136  lb.  per  sq.  in.  With  the  greater 
water  content  the  weight  of  air  with  this  mixture  strength  is  slightly 
greater,  but  the  increase  in  power  output  which  might  be  expected 
is  just  counteracted  by  the  drop  in  thermal  efficiency.  In  the  former 
case  75.5  per  cent  of  air  is  burnt  at  an  efficiency  of  30.7  per  cent, 
and  in  the  latter  74  per  cent  of  air  at  an  efficiency  of  31 .3  per  cent, 
and  it  is  interesting  to  note  that  the  product  of  these  two  is  almost 
exactly  the  same.  It  is  also  worthy  of  note  that  maximum  thermal 
efficiency  is  obtained  when  the  mixture  is  approximately  10  per  cent 
weak  in  the  case  of  90  Vol.  per  cent  alcohol  and  14  per  cent  weak  in 
the  case  of  the  99  per  cent  alcohol. 
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Series  I.     Test  >vo.    1. 

Power  Output  and  Efficiency. 

Compression -Ratio  6:1. 
Air  Standard  Efficiency  51.  1  per  cent. 

jPweZ— Ethyl  Alcohol  99  per  cent. 

5.G.  0.7955.     Jlean  Temp.  ■2l°C.  Barometer  50.08m. 

Ignition  Position  Xo.  .3  =  26  deg.  early. 


Torque  at 

Temperature 

Fuel 

Heat 

3ft.  rad. 

/C. 

consumption. 

input 

Revs. 

W  = 

10  lb. 

Igni- 

Unit vol.  i  pint. 

I.M. 
E.P. 

Ind.  j 

H.P.I              1  Inlet  1 

tion 
posi- 

Volts 
on 

per 
niin. 

Spring 

Xett 

Pint  per 

balance  weight| 

Water,  hous-  Engine 

tion 

Seconds 

I.H.P. 

heater 

(=    w) 

outlet     ing   ;  room 

No. 

unit  vol 

per  hr. 

1 

3           4           5            0           7            8 

1 

9 

10 

11 

12 

Petrol    "A,"'  compression-ratio 

4.6: 

1 

1500 

9.9 

30.1    126.0  30.4     58.0  j  30.0     20.5 

3.0 

57.5 

0.515 

87* 

1506 

11.0 

29.0  ;122.0  29.5     67.0  |  31.0     20.5 

3.0 

61.9 

0.493 

87 

;  99% 

alcoh  ol  com  pressi  on-rati 

o  7.0 

:  1 

1512 

0.31 

39.3+1.58.0  39.0 

57.0  i  18.0     22.0 

3.0 

26.9 

0.858 

87 

1496 

1.2" 

38.8    156.0  38.2 
j   Com  pressi 

58.0     18.5     22.0 
on  alteredto  6.0:1 

3.0 

28.7 

0.821 

871 

1496 

2.0 

38.0    154.5  37.2 

57.0     19.0     21.0 

3.2 

25.4 

0.953 

87 

1504 

2.  2 

37.8  1153.8  37.2 

59.0     19.0     21.0 

3.2 

28.8 

0.840 

86 

1496 

2.8 

37.2    152.0  36.4 

62.0     19.0     21.0 

3.4 

36.3 

0.683 

86 

1500 

3.8 

36.2    148.5  35.7 

65.0      19.3     21.0 

3.6 

40.1 

0.627 

87 

1512 

4.8 

35.2    144.5  35.3 

63.0  ,  19.5     21.2 

3.9 

41.1 

0.615 

87 

1496 

0.5 

33.5  il38.5  33.4 

61.5     19.5     21.2 

4.2 

44.8 

0.600 

86 

1504 

8.2 

31.8    132.5  32.3 

60.0  1  19.7     21.4 

4.5 

46.4 

0.597 

87 

1516 

10.1 

29.9  1126.0  30.7 

58.5     19.7     21.5 

4.9 

49.6 

0.592 

87 

1500 

13.0 

27.0  :il6.0  27.8     56.0     19.5     21.5 
Check'  readings  with    same  fuel  and 

5.0 
comp 

52.2 
ression 

0.620 

87 

1500 

2.1 

37.9  ,154.0  37.2 

57.5  ;  19.0     21.5 

3.2 

25.4 

0.952 

87 

1500 

3.9 

36.1    148.0  35.6     61.0  ;  19.3     21.7 

3.6 

40.5 

0.624 

87 

*  =  65  B.Th.Us.  per  min.  f  Pre-ignition  developed.         J  Evident  error. 

Remahks. — After  ruiming  for  a  short  period  with  a  compression-ratio  of  7  :  1, 
violent  pre-ignition  took  place.  This  was  probably  due  to  the  presence  of  scale  sub- 
sequently found  on  one  of  the  sparking-plugs,  but  in  view  of  the  violence  of  the 
pre-ignition,  it  was  deemed  advisable  to  drop  the  compression-ratio  at  once  to  6  :  1. 
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Series  I.     Test  No.   2. 

Power  Output  and  Efficiency. 

Compression-Ratio  6  :  1. 
Air  Standard  Efficiency  51.1  per  cent. 

Fuel— Ethyl  Alcohol  90  Vol.  per  cent. 

S.G.  0.8315.      Mean  Temp.  22=L'.  Barometer  30.08in. 

Ignition  Position  No.  3  =  26  deg.  early. 


Torque  at 

Temperat 

ure 

Fuel 

Heat 

3ft. 

rad. 

°C. 

consumption. 

input 

Revs. 

W  = 

401b. 

Igni- 

Unit vol.  \  pint. 

per 

I.M. 

Ind. 



tion 

Volts 

min. 

Spring 

Nett 

E.P. 

H.P. 

Inlet 

posi- 

Pint per 

on 

balance 

weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

heater 

(=    w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

1 

- 

3 

4 

5 

6 

7 

8 

9 

ID 

11 

12 

1496 

1.1 

38.9 

158.0 

38.0 

56.0 

19.0 

21.5 

3.1 

24.8 

0.954 

87* 

1498 

1.2 

38.8 

157.5 

38.0 

57.5 

19.1 

21.6 

3.1 

27.1 

0.874 

87 

1504 

1.7 

38.3 

156.0 

37.7 

58.5 

19.2 

21.5 

3.1 

28.8 

0.827 

87 

1496 

2.1 

37.9 

154.3 

37.2 

61.0 

19.6 

21.5 

3.5 

31.0 

0.781 

87 

1504 

2.5 

37.5 

152.5 

37.0 

62.0 

19.9 

21.5 

3.6 

32.9 

0.740 

86 

1504 

2.9 

37.1 

151.2 

36.5 

63.0 

20.0 

21.3 

3.8 

34.6 

0.713 

87 

1500 

4.6 

35.4 

145.6 

35.1 

63.0 

20.0 

21.3 

4.0 

38.1 

0.674 

87 

1500 

6.8 

33.2 

138.0 

33.2 

61.0 

20.0 

21.3 

4.2 

41.2 

0.657 

87 

1502 

9.2 

30.8 

131.2 

31.2 

60.0 

19.9 

21.3 

4.5 

43.8 

0.658 

87 

1512 

10.0 

30.0 

126.0 

30.6 

58.0 

19.7 

21.3 

4.9 

43.8 

0.669 

87 1 

1494 

12.4 

27.6 

117.5 

28.3 

58.0 

19.7 

21.3 

4.9 

45.0 

0.705 

8Gi 

Check 

readi 

ngs  \v 

ith     sa 

me  f  11 

el  and 

comp 

ression 

1480 

1.0 

39.0 

158.4 

37.8 

57.5 

19.7 

21.4 

3.2 

23.6 

1.008 

86 

1475 

1.2 

38.8 

157.5 

37.4 

59.5 

19.2 

21.4      3.2 

27.6 

0.871 

88 

1496 

3.0 

37.0 

151.0 

36.3 

61.5 

19.9 

21.4      3.7 

35.0 

0.707 

88 

*  =  65  B.Th.Us.  per  min.      f  Ignition  too  early.       ±  Unstable. 
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Series  I.     Check  Test. 

Power  Output  and  Efficiency. 

Compression-Ratio  6:1. 
Air  Standard  Efficieyicy  51.  1  per  cent. 

Fuel— 'Ei'hyl  Alcohol  95  Vol.  per  cent. 

Mean  Temp.  20°C.  Barometer  29.4in. 

Ignition  Position  No.  3  =  26  deg.  early. 


Torque  at 

Temperature 

Fuel 

Heat 

3ft. 

rad. 

°C. 

consumption. 

input 

Revs. 

W  = 

401b. 

I.M. 

Ind. 
H.P. 

Igni- 
tion 
posi- 

Unit vol.  i  pint. 

Volts 
on 

per 
iiiin. 

Spring 

Nett 

E.P. 

Inlet 

(Pint  per 

balance 

weight 
(=    w) 

Water  hous-  Engine 
outlet     ing     room 

tion 
No. 

Seconds  I.H.P. 
imit  vol  per  hr. 

heater 

1 

•~> 

3 

4   :    5 

6           7 

8           9 

10 

11 

12 

1496 

1.8 

38.2 

156.2  37.4 

57.0      18.2 

20.4 

3.3 

26.2       0.92 

87* 

U96 

2.0 

38.0 

155.8  37.2 

57.5  :  18.0 

20.4 

3.3 

28.5       0.848 

87 

1504 

2.5 

37.5 

154.2  36.8 

59.0     18.0 

20.4 

3.7 

31.7       0.772 

87 

1510 

2 .  7 

37.3 

153.5  36.7 

60.0      18.0 

20.4 

3.8 

33.4 

0.734 

87 

1.502 

3.5 

36.5 

150.5  36.0 

62.0      18.0 

20.2 

4.0 

36.1 

0.683 

87 

1500 

4.2 

35.8 

148.0  35.3 

62.5     18.0 

20.2 

4.3 

38.2 

0.668 

87 

1502 

5.4 

34.6 

143.6'  34.3 

62.0 

18.0 

20.2 

4.5 

40.4 

0.648 

87 

1496 

6.6 

33.4 

139.0  33.4 

61.0 

18.0 

20.2 

4.7 

42.4 

0.635 

87 

1502 

9.0 

31.0 

130.6  31.4 

59.0 

18.0 

20.3 

5.0 

44.8 

0.637 

87 

1500 

11.2 

28.8 

122.5  29.3 

56.0 

18.0 

20.3 

5.0 

47.5 

0.647 

87 

Check 

readi  ngs  o 

n  same 

fuel 

and  CO 

mpre 

ssion 

1504 

5.  5 

34.5 

143.3  34.2 

57.  5 

18.0 

20.2 

4.4 

40.0 

0.058 

87 

1500 

3.2 

36.8 

151.0 

35.9 

68.0 

18.2 

20.4 

4.2 

32.1 

0.780 

87 

*  =  65  B.Th.Us.  per  min. 

Remarks. — In  the  last  clieck  test,  taken  rather  hurriedly  due  to  shortage  of 
fuel,  tlie  ignition  was  far  too  advanced  ;  hence  the  reduced  power  output  and  effici- 
ency.   It  should  have  been  brought  back  to  3.  7  or  3.  8. 
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Skkiks  II.      Test  Xo.    j. 

Fovper  Output  and  Efficiency. 

Compression-Ratio  .3.8  :  1. 
Air  Standard  Efficicurij  41.4  per  cent. 

Fuel — Ethyl  Alcohol  99  per  cent. 

^.6'.  0.7955.      McMii  Temp.  23°C.  Barometer  30.41in. 

Ignition  Position  No.  .3  =  33  deg.  early. 

Ignition  Position  No.  5  =  46  deg.  early. 


Revs, 
per 
min. 


Torque  at 

3ft.  rad. 

W  =  40  lb. 


Spring  j  Nett 
balance  weight 


I.M. 
E.P. 


Ind. 
H.P. 


Temperature 

°  C. 


I  Inlet  I 
Water  hous-' Engine 
outlet !   ing     room 


Igni- 
tion 
posi- 
tion 
No. 


Fuel 

consumption. 

Unit  vol.  -J  pint. 


Pint  per 
Seconds!  I.H.P. 
unit  vol  per  hr. 


10 


11 


Heat 
input 

Volts 

on 
heater 


1505 

7.7 

1490 

8.2 

1490 

9.0 

1493 

9.8 

1492 

11.6 

1498 

13.2 

1491 

13.5 

1503 

10.1 

1500 

8.4 

1500 

7.6  i 

32.3 
31.8 
31.0 
30.2 
28.4 
26.8 
26.5 
29.9 
31.6 
32.4 


130.5 
128.7 
125.8 
123.0 
116.7 
jlll.l 
110.0 
122.0 
127.9 
130.8 


32.0 
31.3 
30.6 
30.0 
28.4 
27.1 
26.8 
29.9 
31.3 
32.0 


56.0 
59.0 
62.8 
62.0 
61.0 
60.0 
58.0 
60.8 
69.0 
60.8 


18.0 
18.5 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
18.2 


21.9 
22.0 
22.0 
22.0 
21.7 
22.0 
22.0 
22.0 
22.0 
21.7 


3.3 
3.6 
4.0 
4.4 
5.0 
5.2 
5.5 
4.6 
3.8 
3.4 


24.9 
29.8 
34.8 
37.3 
40.2 
42.1 
42.8 
38.0 
32.5 
25.0 


1.130 
0.965 
0.845 
0.805 
0.788 
0.789 
0.785 
0.793 
0.885 
1.125 


87 


86 
87 


Rem.^kks. 
cooling  water. 


-Motoring  test :    4.91b.  on  torque  arm,  1500  r.p.m.,  59.5°  C.  temp 
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Sehies  II.     Test  No.   '2. 

Power  Output  and  Efficiency. 

C'oinpression-Ratio  3.8  :  1. 

Ail-  Standard  Efficiencij  41.4  per  cent. 

Fuel— •Ethyl  Alcohol  90  Vol.  per  cent. 

S.G.  0.8315.     Mean  Temp.  -Ki'Q.  Barometer  ZO.^lin. 

Ignition  Position  Xo.  3  =  33  deg.  early. 

I<inition  Position  Xo.  5  =  46  deg.  early. 


Torque  at 

Temperature 

Fuel 

Heat 

3ft.  rad. 

°C. 

consumj)tion. 

input 

Kevs. 

W  = 

401b. 

I.M. 
E.P. 

Ind. 
H.P. 

Igni- 
tion 
posi- 

Unit vol.  J  pint. 

Volts 
on 

per 
inin. 

Spring 

Xett 

Inlet 

j Pint  per 

balance 

weight 

Water  1  lious- 

Engine 

tion 

Seconds   I.H.P. 

heater 

(=   w) 

outlet 

ing 

room 

No. 

unit  vol  per  hr. 

1 

2 

3      !     4 

5 

6 

7            8 

9 

10 

11 

12 

1483 

7.3 

32.7 

132.1 

31.9 

58.2 

15.8 

16.0 

3.6 

22.5 

1 .  255 

87 

1492 

7.2 

32.8 

1.32.5 

32.2 

60.2 

15.9 

16.0 

3.6 

23.0 

1.215 

86.5 

1484 

7.4 

32.6 

131.8 

31.9 

59.0 

16.0 

16.5 

3.8 

25.4 

1.111 

87 

1476 

7.5 

32.5 

131.4 

31.6 

60.2 

16.2 

16.5 

3.8 

27.0 

1.055 

87 

1482 

7.  7 

32.3 

130.7 

31.6 

62.1 

16.2 

16.3 

3.8 

28.5    i    1.000 

87 

1494 

7.9 

32.1 

130.0 

31.7 

65.0 

16.6 

16.2 

4.1 

29.4 

0.966 

87 

1501 

8.8 

31.2 

126.6 

30.9 

55.2 

16.8 

17.2 

4.3 

32.5 

0.896 

87 

1.500 

8.9 

31.1 

126.2 

30.8 

59.3 

16.8 

17.5 

4.3 

32.6 

0.896 

87.5 

1494 

12.3 

27.7 

114.3 

27.8 

58.2 

16.1 

18.0 

5.0 

36.3 

0.892 

86 

1506 

14.0 

26.0 

107.9 

26.5 

58.2 

16.0 

18.0 

5.4 

37.3 

0.910 

87* 

1494 

9.8 

30.2 

122.7 

29.9 

62.1 

16.1 

18.0 

4.6 

33.9 

0.888 

87 

1499 

7.9 

32.1 

129.3 

31.6 

60.4 

16.2 

18.1 

4.1 

30.9 

0.922 

87 

*  Slightly  unstable. 
Remarks. — ^Motoring  test  :    4.8  lb.,  1500  r.p.m.,  60°  C.  temp,  cooling  water. 
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Series  II.     Check  Test. 

Power  Output  and  Efficiency. 

Compression-Ratio  3.8  :  I. 
Air  Standard  Efficiencii  41 .  4  per  cent. 

Fuel — Ethyl  Alcohol  95  Vol.  per  cent. 

.S'.6'.  0.8155.     Mean  Temp.  2:2"C.  Barometer  30.41in. 

Ignition  Position  Xo.  3  =  33  cleg,  early. 
Ignition  Position  No.  5  =  46  deg.  early. 


Torque  at 

Tei 

npei-at 

ure 

Fuel 

Heat 

3ft. 

rad. 

■^c. 

consumption. 

input 

Revs. 

W  = 

401b.    1 

Igni- 

Unit vo 

.  i  pint. 

I  AI 

Tnrl     1 

tion 
posi- 

Volts 
on 

per 
min. 

Spring 

Nett  {  E.P. 

H.P. 

Inlet  \ 

Pint  per 

balance 

weight 

Water  hous-|Engine;  tion 

Seconds 

I.H.P. 

heater 

(=    w)i 

1 

outlet 

ing     room     No. 

imit  vol 

per  hr. 

1 

2 

3 

4     1      5 

6 

7     1       8            9 

10      1 

11 

12 

Preli 

minar 

y  run:  on  Pe  trol 

"A" 

1500 

11.5 

28.5 

117.5 

28.7 

63.0 

29. 5j   20.0 

3.0 

54.9 

0.572 

88 

1500 

11.5 

28.5 

117.5 

28.7 

65.0 

29.5!   20.5 

3.0 

50.8 

0.617 

88.5 

Chang 

ed  fvt 

el  (m  thout 

stop  ping) 

to  ale 

ohol 

1500 

7.8 

32.2 

130.5 

31.9 

60.5 

18.2.   20.7 

3.5 

26.1 

1.08 

87 

1489 

8.1 

31.9 

129.5 

31.4 

62.6 

18.5 

21.5 

3.5 

29.5 

0.973 

87 

1501 

9.6 

30.4 

124.1 

30.4 

63.9 

18.3 

21.5 

4.0 

34.8 

0.850 

86.5 

1488 

10.0 

30.0 

122.7 

29.8 

58.5 

18.2 

21.5 

4.2 

35.8 

0.844 

86 

1486 

13.3 

26.7 

111.2 

27.0 

61.5 

18.5 

21.9 

5.0 

39.5 

0.844 

87 

1502 

13.4 

26.6 

110.8 

27.  2 

59.2 

18.2 

21.7 

5.5 

39.4 

0.840 

87* 

1490 

11.1 

28.9 

119.0 

28.9 

61.2 

18.5 

21.8 

5.0 

37.3 

0.836 

87 

1495 

9.0 

31.0 

126.3 

30.5 

65.0 

19.0 

21.5 

4.6 

33.7 

0.876 

87 

1497 

7.6 

32.4 

131.2 

32.0 

57.0 

18.0 

21.6 

3.3 

24.5 

1.15 

87 

*  Slightly  ur stable. 

Test  could  not  be  extended  owing  to  the  last  of    this  alcohol  95  Vol.  per  cent 
having  been  used. 

Remarks. — Motoring  test  :    5.0  1b.  on  torque  arm.  1500  r.p.m.,  58^  C.  temp,  of 
cooling  water. 
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Series  III.     Test  Xo.    1. 

Effect  of  Varying  Heating  on  Power  Output  and  Efficiency. 

Compression-Ratio  5  :  1. 

Air  Standard  Efficiency  47.47  per  cent. 

Fuel — Ethyl  Alcohol  90  Vol.  per  cent. 

S.G.  0.8315.     Mean  Temp.  I9°C.  Barometer  29.83in. 

Ignition  Position  No.  3  =  26  deg.  early. 


Torque  at 

Temperature 

Fuel 

3ft.  rad. 

°C. 

consumption. 

Heat 

Revs. 

W  = 

401b. 

Igni- 

Unit vol.  J  pint. 

input 

I.M. 

E.P. 

Ind. 
H.P. 

tion 
posi- 

per 
niin. 

Spring 

Xett 

Inlet 

Pint  per 

No 

balance 

weight 

Water 

hous-'Engine 

tion 

Seconds 

I.H.P. 

heat 

(=    w) 

outlet 

ing      room 

Xo. 

unit  vol 

per  hr. 

1 

2 

3      i      4 

5 

6 

7           8 

9 

10 

11 

12 

Petrol 

"A" 

Volts 

1500 

5.3 

34.7 

141.2 

34.0 

62.0 

13.0 

19.0 

3.5 

50.2 

0.528 

0  N.D. 

Ran  o 

n    fro 

m  Pe 

trol    " 

A  "  to  90  V 

ol.  pe 

r  cent,  a 

Icohol 

Volts 

1500 

1.8 

38.2 

153.5 

37.0 

58.0 

10.8 

19.0 

3.5 

24.0 

1.014 

0 

1486 

2.0 

38.0 

153.0 

36.5 

60.5 

11.1 

3.5 

26.0 

0.948 

1502 

2.5 

37.5 

151.1 

36.4 

59.5 

11.8 

20.0 

3.5 

28.6 

0.864 

,, 

1.302 

3.5 

36.5 

147.7 

35.6 

60.5 

12.0 

3.5 

31.8 

0.795 

,, 

1487 

4.4 

35.6 

144.4 

34.5 

61.0 

12.1 

4.5 

33.6 

0.776 

,, 

1511 

4.3 

35.7 

144.9 

35.1 

61.0 

12.1 

20.1 

4.5 

33.2 

0.772 

,, 

1504 

5.9 

34.1 

139.1 

33.6 

59.5 

12.0 

5.0 

35.6 

0.752 

« 

1516 

6.9 

33.1 

135.  5 

33.0 

58.5 

12.0 

5.2 

35.6 

0.756 

* 

1507 

7.0 

33.0 

135.1 

32.7 

58.0 

11.9 

20.1 

3.2 

36.0 

0.765 

* 

1506 

9.4 

30.6 

126.6 

30.6 

57.  5 

11.9 

3.5 

37.6 

0.782 

t 

1501 

9.3 

30.7 

127.0 

30.6 

57.0 

11.9 

20.1 

5.8 

37.4 

0.787 

1484 

1.8 

38.2 

153.7 

36.6 

57.0 

12.0 

3.5 

24.6 

1.00 

Ran 

on  from 

90  Vol 

.  per  [cent 

alcoho 

1  to  9 

9  Vol. 

perce 

nt    alco 

hol§ 

Volts 

1.500 

2.3 

37.7 

151.9 

36.6 

55.0 

11.8 

20.2 

3.5 

23.2 

1.06 

0 

1490 

2.3 

37.7 

151.9 

36.3 

59.5 

11.9 

3.5 

24.0 

1.035 

,, 

1490 

2.5 

37.5 

151.1 

.36.2 

62.0 

11.9 

3.5 

28.2 

0.882 

,, 

1492 

2.75 

37.25 

150.3 

36.0 

60.0 

12.0 

20.5 

3.8 

29.6 

0.845 

,, 

1496 

3.3 

.36.7 

148.4 

35.6 

61.0 

11.9 

4.2 

32.9 

0.768 

,, 

1506 

4.6 

35.4 

143.7 

34.7 

62.0 

11.8 

4.7 

37.6 

0.690 

,, 

1504 

3.9 

34.1 

139.1 

33.6 

60.5 

11.8 

20.7 

5.0 

39.6 

0.677 

,, 

1498 

8.0 

32.0 

131.6 

31.6 

58.0 

11.7 

5.5 

42.3 

0.674 

,, 

1506 

10.2 

29.8 

123.8 

29.9 

55.0 

11.6 

5.7 

44.0 

0.684 

t 

1506 

9.9 

30.1 

124.8 

30.2 

55.0 

11.6;    21.0 

3.8 

44.0 

0.677 

% 

1.500 

2.6 

37.4 

150.9 

36.3 

58.0 

11.8 

3.5 

28.8 

0.861 

Very  slightly  unstable.  t  Unstable.  J  Slightly  unstable. 

§  Sp.  gr.,  0.  7955  ;   mean  temp.,  20°  C. 
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THE    INSTITUTION    OF   AUTOMOBLIE   ENGINP:ERS 


Series  III.     Test  No.  2. 

Effect  of  Varying  Heating  on  Power  Output  and  Efficiency. 

Compression- Ratio  5  :  1. 
Air  Standard  Efficiency  47.47  per  cent. 

JPue?— Ethyl  Alcohol  90  Vol.  per  cent. 

S.G.  0.8315.     Mean  Temp.  22^C.  Barometer  29.9in. 

Ignition  Position  No.  3  =  26  deg.  early. 


Torque  at 

Temperatxire       ' 

Fuel 

Heat 

3ft. 

rad. 

"C. 

consumption. 

input 

Revs. 

W  = 

401b. 

1 

Igni- 

Unit vol,  J  pint. 

I.M. 
E.P. 

TnrI     ' 

tion 
posi- 

Volts 
on 

per 
min. 

Spring 

Nett 

XXIU. 

H.P. 

Inlet 

Pint  per 

balance 

weight 

Water 

hous- 

Engine! tion 

Seconds 

I.H.P. 

heater 

(=    w) 

outlet 

ing 

room     No. 

unit  vol 

per  hr. 

1 

2 

3 

4 

5 

6 

7 

8           9 

10 

11 

12 

Petrol 

"A" 

1500 

6.8 

33.2 

135.5 

32.7 

59.5 

23.5 

21.0 

3.5 

51.2 

0.538 

68 

90  Vol. 

per    ce 

nt.  ra 

n  on  f 

rom  te 

st  on 

Petrol 

"A" 

1507 

3.1 

36.9 

148.9 

35.8 

60.0 

15.0 

20.9 

3.5 

25.0 

1.006 

68 

1496 

3.2 

36.8 

148.6 

35.7 

59.6 

15.0 

20.8 

3.5 

27.9 

0.904 

67 

1501 

3.7 

36.3 

146.8 

35.4 

60.0 

15.1 

3.5 

30.7 

0.828 

68 

1498 

4.4 

35.6 

144.3 

34.7 

60.5 

15.3 

3.5 

33.0 

0.786 

70 

1.500 

5.4 

34.6 

140.7 

33.9 

61.0 

15.5 

20.5 

4.0 

34.4 

0.772 

68 

1.501 

6.9 

33.1 

135.4 

32.7 

59.0 

15.4 

4.3 

36.3 

0.758 

67 

1506 

8.9 

31.1 

128.2 

31.1 

57.0 

15.3 

5.0 

38.4 

0.754 

68 

1513 

9.8 

30.2 

125.1 

30.4 

56.0 

15.2 

20.6 

5.3 

39.5 

0.750 

68* 

1502 

11. G 

28.4 

118.7 

28.7 

57.0 

15.0 

5.8 

40.9 

0.767 

6Tt 

Ran 

on  wi 

th  99 

Vol. 

per    ce  nt    al 

coholl 

1505 

3.6 

36.4 

147.1 

35.6 

61.0 

14.8 

20.7      3.5 

26.0 

0.978 

67 

1546 

3.85 

36.15 

146.2 

36.3 

60.5 

15.0 

3.5 

28.4 

0.873 

68 

1494 

4.1 

35.9 

145.4 

34.9 

61.5 

15.0 

3.5 

32.6 

0.791 

68 

1489 

5.5 

34.5 

140.4 

33.6 

01.3 

15.1 

20.7 

4.0 

38.2 

0.701 

69 

1505 

6.6 

33.4 

136.4 

33.0     61.5 

15.2 

4.4 

39.4 

0.692 

67 

1503 

8.3 

31.7 

130.4 

31.5     58.0 

15.2 

20.7 

5.1 

42.8 

0.668 

69 

1509 

9.6 

30.4 

125.8 

30.5 

57.0 

15.0 

5.4 

44.4 

0.665 

68 

1498 

11.3 

28.7 

119.7 

28.8 

57.0 

14.7 

5.7 

46.8 

0.668 

67 

1506 

13.6 

26.4 

111.5 

27.0 

56.0 

14.6     20.7      5.8 

48.6 

0.686 

68* 

Slightly  unstable.  t  Unstable. 

X  Sp.  gr.,  0.7955  ;    mean  temp.,  22"  C. 
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Series  III.     Test  No.   3. 

Effect  of  Varying  Heating  on  Power  Output  and  Efficiency. 

Compression-Ratio  5  :  1. 

Air  Standard  Efficiency  47.47  per  cent. 

^ueZ— Ethyl  Alcohol  90  Vol.  per  cent. 

.9.^.0.831.5.     Alean  Temp.  '22°C.  Barometer  2').  99in. 

Ignition  Position  Xo.  3  =  26  deg.  early. 


Torq 

ue  at 

Temperature 

Fuel 

1 

i  Heat 

3ft. 

rad. 

1 

°  C. 

consumption. 

input 

Revs. 

W  = 

40  1b. 

1 
t 

Igni- 

, Unit  vol.  i  pint 

per 
min. 

ll.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

1 Volts 
on 

j  Spring 

Nett 

Inlet 

Pint  per 

balance 

weight 

Water  hous- 

Engine 

tion 

Seconds 

I.H.P. 

heater 

(=    w) 

outlet     ing 

room 

No. 

luiit  vo: 

per  hr. 

1 

2 

3 

4 

5 

6           7 

8 

9 

!         10 

11 

12 

Petrol    "A" 

1509 

7.7 

32.3 

132.2 

32.1 

60.8  !  29.0 

20.0 

3.5 

51.4 

0.546 

84 

1501 

7.9 

32.1 

131.5 

31.9 

61.6 

30.2 

20.0 

3.5 

53.1 

0.532 

87 

Ran  o 

n    fro 

ra  Pe 

trol    " 

A"  t 

0  90  V 

ol.  pe 

rcent  a 

Icohol 

1496 

4.0 

36.0 

145.3 

35.0 

58.8 

17.5 

20.0 

3.5 

26.3 

0.978 

85* 

1487 

4.4 

35.6 

143.9 

34.5 

61.0 

18.6 

20.2 

3.5 

31.0 

0.842 

85 

1484 

5.25 

34.75 

140.9 

33.7 

63.3 

19.0 

4.0 

33.8 

0.790 

84 

1492 

6.5 

33.5 

136.5 

32.8 

58.0 

19.0 

20.4 

4.2 

35.7 

0.768 

82 

1491 

7.9 

32.1 

131.5 

31.6 

56.0 

18.5 

4.8 

37.5 

0.760 

80 

1497 

9.1 

30.9 

127.2 

30.7 

59.7 

18.8 

20.4 

5.3 

38.8 

0.756 

84 

1500 

10.3 

29.7 

123.0 

29.7 

58.5 

19.0 

5.5 

39.7 

0.763 

84 

1502 

11.5 

28.5 

118.7 

28.75 

57.3 

19.3 

20.4 

5.8 

40.6 

0.772 

85 

1504 

3.3 

36.7 

147.8 

35.8 

53.0 

18.3 

3.6 

22.5 

1.117 

85 

1486 

3.3 

36.7 

147.8 

35.4 

53.3 

18.2 

20.5 

3.6 

23.1 

1.100 

8.0 

1471 

3.9 

.36.1 

145.7 

34.6 

56.6 

18.6 

i 

3.6 

28.4 

0.916 

8.0 

Ran 

on  wi 

th   99 

Vol. 

per   ce 

nt    al 

coholf 

1490 

4.2 

35.8 

145.6 

34.7 

57.3 

18.0 

20.6 

3.6 

23.2 

1.118 

85* 

1482 

4.3 

35.7 

144.3 

34.5 

58.6 

18.1 

3.6 

23.0 

1.135 

85 

1480 

4.3 

35.7 

144.3 

34.4 

61.8 

18.4 

20.7 

3.6 

28.7 

0.912 

85 

1486 

4.7 

35.3 

142.9 

34.2 

59.6 

19.0 

3.6 

32.3 

0.815 

84 

1489 

5.5 

34.5 

140.0 

33.6 

61.9 

19.1 

20.8 

3.9 

38.2 

0.702 

85 

1.504 

6.3 

33.7 

137.2 

33.3 

63.2 

19.1 

20.9 

4.4 

39.1 

0.692 

85 

1511 

7.6 

32.4 

132.6 

32.3 

60.5 

19.1 

20.9 

4.6 

41.3 

0.675 

85 

1488 

8.9 

31.1 

128.0 

30.7 

58.5 

19.1 

5.0 

43.7 

0.671 

85 

1.501 

9.4 

30.6 

126.2 

30.5 

57.0 

19.0 

1 

5.1 

44.3 

0.666 

34 

1506 

11.0 

29.0 

120.5 

29.3 

56.0     19.0 

21.0 

5.3 

46.4 

0.662 

85 

1510 

12.4 

27.6 

115.5 

28.1  j 

57.0     19.1 

I 

5.5 

47.2 

0.679 

85 

1495 

14.5 

25.5 

108.0 

26.0  j 

57.0     19.0 

1 

5.8 

49.3 

0.702 

84 

1503 

12.5 

27.5 

115.1 

27.9 

57.2  j  19. 1| 

21.0      : 

5.8 

47.6 

0.678 

84 

1502 

4.2 

35.8 

144.7 

35.0 

59.2 

18.5 

i 

3.6 

26.2 

0.982 

8.0 

*  =  60  B.Th.Us.  per  min. 

t  Sp.  gr.,  0.7955  ;   mean  temp.,  23'  C. 
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Series   III.     Test  No.   4. 

Eliect  o!  Varying  Heating  on  Power  Output  and  Efficiency. 

Compression-Ratio  5  :  1. 

Air  Sta}idard  Efficiency  47.47  per  cent. 

/^Me?— Ethyl  Alcohol  90  Vol.  per  cent. 

S.O.  0.8315.      Mean  Temp.  26°C.  Barometer  30.06in. 

Ignition  Position  Xo.  3  =  24  deg.  early. 


Torque  at 

Teniperat 

ure 

Fuel 

Heat 

3ft. 

rad. 

°C. 

consumption. 

input 

Revs. 

W  = 

401b. 

Igni- 

Unit vol.  i  pint. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Volts 
on 

per 
min. 

Spring 

Nett 

Inlet 

Pint  per 

balance 

weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

heater 

(=    w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Petrol   "A" 

1500 

10.4 

29.6 

122.4 

29.6 

61.5 

45.5 

25.0 

3.5 

54.5 

0.558 

115* 

R 

an  on  f 

rom 

Petro 

I  "A" 

to  90 

Vol.  p 

er  cen 

t    alcoh 

ol 

1492 

5.5 

34.5 

139.6  33.6 

55.0 

22.5 

25.  5 

3.5 

24.6 

1.09 

1151- 

1471 

6.9 

34.1 

138. 2i  32.9 

62.0 

22.  7 

3.5 

29.2 

0.937 

114 

1491 

7.2 

32.8 

133.7!  32.2 

61.0 

23.0 

25.8 

3.5 

33.8 

0.827 

114 

1499 

8.0 

32.0 

130.8!  31.7 

23.0 

4.0 

37.0 

0.768 

114 

1501 

8.6 

31.4 

128.7 

31.2 

23.1 

4.5 

37.9 

0.762 

115 

1500 

9.6 

30.4 

125.1 

30.3 

60.0 

23.1 

26.0 

4.5 

39.5 

0.752 

115 

1501 

11.0 

29.0 

120.1 

29.1 

59.0 

23.1 

5.2 

41.4 

0.747 

115 

1494 

12.4 

27.6 

115.2 

27.8 

57.0 

23.0 

5.7 

43.7 

0.741 

115 

1505 

14.4 

25.6 

108.1 

26.3 

55.0 

23.0 

26.1 

5.8 

45.3 

0.755 

Hot 

1486 

5.6 

34.4 

139.4 

33.4 

60.0 

22.8 

3.5 

24.7 

1.091 

115 

Ran  on  to 

99  Vol.  per  c 

ent    al 

cohol 

II 

1489 

6.8 

33.2 

135.1    32.5 

57.0 

22.5 

26.5 

3.5 

23.7 

1.169 

115 

1497 

6.6 

33.4 

135.8  32.8 

22. 2 

4.0 

23.4 

1.173 

115 

1482 

7.0 

33.0 

134. 4i  32.2 

56.0 

22.0 

27.0 

4.0 

23.0 

1.216 

114§ 

1489 

6.3 

33.7 

136.9  32.9 

60.0 

22.5 

3.5 

25.3 

1.081 

115 

1469 

6.4 

33.6 

136.5'  32.4 

61.0 

22.5 

3.5 

26.8 

1.037 

114 

1476 

6.7 

33.3 

135.4  32.3 

63.0 

23.0 

27.6 

3.6 

29.1 

0.958 

115 

1500 

7.7 

32.3 

131.9  32.0 

61.0 

23.5 

4.0 

37.0 

0.760 

115 

1497 

8.6 

31.4 

128.7   31.1 

63.0 

23.4 

28.3 

4.4 

40.4 

0.716 

115 

1504 

10.1 

29.9 

123.4'  30.0 

60.0 

23.2 

28.5 

4.9 

43.9 

0.683 

114 

1500 

11.6 

28.4 

118.1 

28.6 

60.0 

23.2 

28.7 

5.2 

46.7 

0.674 

115 

1498 

13.25 

26.75 

112.2 

27.2 

58.0 

23.0 

29.0 

5.5 

50.0 

0.662 

114 

1504 

14.9 

25.1 

106.3 

25.9 

56.0 

23.0 

29.0 

5.8 

53.0 

0.656 

114t 

*  V.O.D. 


-f  =   120B.Th.Us.pernun.  J  Just  stable. 

II  Sp.  gr.,  0.7955  ;   mean  temp.,  27°  C. 


§  Unstable. 
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Hkat-Balance  Sheet.     Series  III.     Test  Xo.   3. 

Test  on  Ethj'l  Aleohol  90  ^'ol.  per  cent.  Compression-Ratio  5  :  1. 

Heat  to  Air  Intake,  60  B.Th.Us.  per  minute. 


Heat  in 

B.Th.Us.  per  hour. 

Distribution  of  heat 

,  per  cent. 

I.M.E.P. 

Total  heat 

Heat 

Heat 

Heat  to 

lb.  per 

of 

Heat  to 

to 

Heat  to 

to 

exhaust 

sq.  in. 

fuel 

I.H.P. 

cooling 

I.H.P. 

cooling 

radiation. 

supplied 

water 

water 

etc. 

B.S.E. 

132.2 

317.500 

81,700 

64.550 

25.7 

20.4 

53.9 

131.5 

307,000 

81,200 

67,150 

26.4 

21.8 

51.8 

Alcohol 

145.3 

368.000 

89,050 

56.000 

24.2 

15.2 

60.6 

143.9 

312,000 

87,800 

59,700 

28.1 

19.1 

52.8 

140.9 

286,000 

85.750 

62.450 

30.0 

21.8 

48.2 

136.5 

271.000 

83. 450 

64.8.50 

30.8 

23.9 

45.3 

131.5 

258,000 

80.400 

61.. 500 

31.1 

23.8 

45.1 

127.2 

249,000 

78.100 

58.600 

31.4 

23.5 

45.1 

123.2 

243,500 

75,550 

56,700 

31.1 

23.3 

45.6 

118.7 

238.000 

73,200 

55,200 

30.8 

23.2 

46 . 0 

147.8 

430,000 

91,100 

57,700 

21.2 

13.4 

65.4 

147.8 

418,500 

90,100 

52,850 

21.6 

12.7 

65.7 

145.7 

340,500 

88.050 

58.000 

25.8 

17.0 

57.2 

Volumetric  ErFiciE> 

XY.     Series 

III.     Test  Xo.  3. 

Test  on  Ethyl  Alcohol  90  Vol.  per  cent. 
Heat  to  Air  Intake,  60  B.Th.Us.  per  minute. 


Compression-Ratio  5  :  1. 


Fuel  consumption 

I.M.E.P. 

(pints  per 

*  Volumetric 

.\ir/fuel  ratio 

I.H.P.  per  hour) 

efficiency 

by  weight 

132.2 

0.546 

72.4 

10.77 

131.5 

0.532 

71.9 

10.99 

145.3 

0.978 

77.  2 

5.82 

143.9 

0.842    - 

76.3 

6.74 

140.9 

0.790 

75.6 

7.26 

136.5 

0.768 

75.  7 

7.72 

131.5 

0.760 

75.9 

8.13 

127.2 

0.756 

75.8 

8.42 

123.0 

0.763 

76.3 

8.71 

118.7 

0.772 

76.7 

8.94 

147.8 

1.117 

78.  H 

5.15 

147.8 

1 .  100 

77  .  7 

5.1]. 

145.7 

0.916 

76.8 

6.15 

•  Volumetric  efficiency  is  here  defined  as  the  ratio  (per  cent)  of  the  weight  of  air 
passed  through  the  engine  per  cycle  to  weight  of  the  swept  vohime  of  air  at  0°  G. 

K 
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THE    IXSTITrnOX    OF    AUTOMOBILE    EXO  INKERS 


Heat-Balaxce  SHJiET.     Series   111.     Test  Xo.   3. 

Test  on  Ethyl  Alcohol  99  Vol.  per  cent.  Co/npression-Ratio  5  :  1 

Hiat  to  Air  Intake,  00  B.Th.Us.  per  minute. 


Heat  in  B.Th.Us.  per  hour 


J.M.E.P. 


Distribution  of  heat,  per  cent. 


Total  heat 

Heat 

Heat 

Heat  to 

lb.  per 

of 

Heat  to 

to    , 

Heat  to 

to 

exhaust 

sq.  in. 

fuel 

I.HP. 

coolinjT 

I.H.P. 

cooling 

radiation. 

supplied 

water 

water 

etc. 

145.6 

458.000 

88.250 

54,550 

19.3 

11.9 

08.8 

144.3 

462,000 

87.750 

55,150 

19.0 

11.9 

09 .  1 

144.3 

370,500 

8  7.. 500 

59,650 

23.6 

16.1 

m .  3 

142.9 

329.000 

87.000 

04.350 

26.4 

19.5 

54.1 

140.0 

278,500 

85.500 

67,000 

30.7 

24.0 

45 .  3 

137.2 

272,000 

84.700 

68,500 

31.1 

25.2 

43.7 

132.6 

257,500 

82.150 

05.800 

31.9 

25.6 

42.5 

128.0 

243,000 

78.100 

02,700 

32.1 

25.8 

42.1 

126.2 

240,000 

77.600 

01,000 

32.3 

25.4 

42.3 

120.5 

229.000 

74.550 

59,400 

32.5 

25.9 

41.6 

J15.5 

225,000 

71.4.50 

53,700 

31.7  ■ 

23.9 

44.4 

108.0 

21.5.500 

00.150 

53.700 

30.7 

24.9 

44.4 

115.1 

223.. 500 

71.000 

53,250 

31.8 

23.8 

44.0 

144.7 

400,000 

89,000 

56,000 

21.9 

13.9 

-     04.2 

Volumetric  Efficiency.     Series  III.     Test  Xo.   3. 


Test  on  Ethyl  Alcohol  99  Vol.  per  cent. 
Heat  to  Air  Intake,  60  B.Th.Us.  per  minute. 


Compression-Ratio  5  :  1. 


I.M.E.P 

145. 

6 

144. 

3 

144 

3 

142 

9 

140 

0 

137 

2 

132 

6 

128 

0 

126 

2 

120 

5 

115 

5 

108 

0 

115 

1 

144 

7 

Fuel  consumption 

(pints  per  I.H.P. 

jier  hour) 


1.118 
1.135 
0.912 
0.815 
H.702 
(t.092 
0.075 
0.071 
0.606 
0.602 
0.679 
0.702 
0.078 
0.982 


*  Volumetric 
efficiency 


78.9 
79.1 
70.3 
75.1 
74.0 
74.  1 
73.7 
75.0 
74.0 
74.9 
75.6 
75.1 
75.3 
76.1 


Air /fuel  ratio 
by  weight 


5.48 

5.41 

0.50 

7.23 

8.44 

8.74 

9.23 

9.77 

9.96 

10.50 

10.80 

11.11 

10.80 

6.01 


*  Volumetric  eiiiciency  is  here  defined  as  the  ratio  (per  cent)  of   the  weight  of  air 
passed  through  the  engine  per  cycle  to  weight  of  the  swept  volume  of  air  at  0°  C 
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TESTS  OF  ALCOHOL-ETHER  MIXTURES. 


'Oencml  yoics. 

The  following  report  has  been  divided  into  two  sections,  the  first 
dealing  with  tests  carried  out  on  a  single-cylinder  variable-com- 
pression enuine,  and  the  second  with  further  tests  carried  out  on  a 
four-cylinder  Leyland  lorry  engine. 

The  fuels  used  for  these  tests  were  as  follows  : — Ethyl  alcohol 
95  vol.  per  cent  ex  Hammersmith  Distillery,  ether  ex  Gretna, 
and  petrol  ••  A/'  a  straight  run  distillate  F!B.P.  about  180°  C. 
ex  Borneo. 

Various  data  (some  measiired  and  some  calculated)  are  given 
in  Table  XVIL  for  these  fuels,  and  the  mixtures  thereof,  as  used  in 
the  engine  tests  : — 

Table  XVII. 

"I  '  .  ' 

I  I    Effective  calorific 

Latent    I  value 

'•  S.G.  at        heat,      i ■ 


Fuel  or  mixture                            15^  C.  B.Th.Us.  t  B.Th.Us.  B.Th.Us. 

1  per  lb.  per  lb.  per  pint 

Petrol  "A"      0.785     j  140  !  18,550  18,200 

Alcohol  95  Vol.  per  cent          (t. 8155  1  440  j  11,130  11,350 

Ether,  ex  Gretna 0.7395  215  |  13,650  12,600 

-Alcoh.  95per  cent.,ether  5  per  c*nt    ..    0.813     ]  428  |  11,240  11,420 

90        „               ,,    10         „          ..     0.810  417  11,320  11,470 

85        „               ,,15         ,,'..!   0.8055  406  i  11.460  11,540 


Note. — The  alcohol-ether  mixtures  were  made  by  volume. 

The  ether  is  assumed  to  contain  7  per  cent  of  water  by  weight. 

Section  L 

The  experiments  described  in  this  section  have  all  been  carried 
out  on  a  new  variable-compression  engine  and  new  apparatus 
throughout.    This  new  engine  and  its  equipment  is  an  almost  exact 

R  2 
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Fig.  68. — Detonation  tests  on  variable -compression  engine. 

Heating  to  carburettor,  water  outlet  temperature  and  speed  constant. 
Full  throttle.  Mixture- strength  nearly  10  per  cent  rich.  Ignition  adjii-st eel 
for  maximiun  power  at  each  compression. 
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Tejilica  of  the  old  plant  described  fully  in  the  first  report ;  it  differs 
•only  in  that,  as  a  result  of  experience  with  the  older  engine,  some 
minor  improvements  have  been  made  in  the  way  of  facilitating 
handling  ;  also  the  valve  setting  has  been  altered  slightly,  again  as 
"t.he  result  of  experience  with  the  older  unit,  to  give  a  higher  volu- 
metric efficiency  and  therefore  a  slightly  higher  power  output  at  the 
same  compression-ratio.  In  all  other  respects,  it  is  identical  mth 
Ihe  older  unit  on  which  the  experiments  dealt  with  in  the  first  and 
second  reports  were  carried  out,  and  the  procedure  adopted  has  been 
exactly  the  same. 

IFkogramme  OF  Tests  on  Variable-Compression  Single-Cylinder 

Unit. 

The  programme  consisted  of  the  following  series  of  tests  : — 

Series  I. — Tests  to  determine  the  detonation-point  of  mixtures 
of  alcohol  95  Vol.  per  cent  and  ether.  Three  such  tests  to  be 
run.  the  most  suitable  fuel  proportions  in  order  to  keep  well 
within  the  range  of  compression  available  to  be  determined 
by  experiment. 

Series  VI. — Ascertain  the  influence  of  small  additions  of  pure 
alcohol  upon  Pratts  petrol  as  regards  detonation. 

Series  II. — Consumption  and  power  tests  over  the  complete 
mixture  range  at  constant  speed,  constant  heat  input  and 
constant  jacket  temperature  and  at  a  compression-ratio  of 
5.45  :  1  on  three  mixtures,  consisting  of  95  Vol.  per  cent  alcohol 
with  5,  10  and  15  per  cent  by  weights  of  ether  (three  complete 
tests). 

Series  III. — Consumption  and  power  tests  over  complete 
mixture  range  at  40  per  cent  load  and  full  load  at  constant 
speed,  with  heat  input  to  carburettor  proportional  to  the  load, 
and  with  fixed  ignition  timing  as  adjusted  for  full  load  on  the 
above  mixtures  and  also  on  95  Vol.  per  cent  alcohol  alone,  with 
additional  check  tests  on  each  mixture  at  40  per  cent  load  and 
with  ignition  adjusted  for  best  economy  (twelve  complete  tests). 

Series  I.  and  VI. 
Detonation  Tests  on  Mixtures  of  Alcohol,  Ether  and  Petrol. 

It  is  convenient  to  consider  the  results  of  the  above  two  series  of 
tests  together. 

For  these  tests  pure  alcohol  (99.4  per  cent)  was  used,  since 
■commercial  alcohol  (95  Vol.  per  cent)  cannot  be  mixed  with  petrol 
when  the  latter  is  in  excess. 
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6  7 

Compression  ratio. 


Fig,  69. — -Detonation  tests  on  variable-compression  engine. 

Heating  to  carburettor,  water  outlet  temperature  and  speed  constant. 
Full  throttle.  Mixture  strength  nearly  10  per  cent  rich.  Ignition  adjusted 
for  maximum  power  at  each  compression. 
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The  detonation  results  for  mixtures  of  pure  alcohol  and  ether  may 
safely  be  taken  as  sufficiently  correct  also  for  mixtures  of  commercial 
alcohol  and  ether. 

The  follo^^'ing  mixtures  were  tested  : — ■ 

(1)  Ether  with  22,  30,  40  and  50  per  cent  of  pure  alcohol. 

(2)  Mexican  spirit  with  0,  10,  20,  30  and  40  per  cent  of  pure 
alcohol. 

(3)  Pratt's  motor  spirit  with  0,  10,  20  and  30  per  cent  of  pure 
alcohol. 

In  each  case  the  engine  was  started  up  at  a  low  compression-ratio, 
and  run  for  a  period  at  first  on  the  petrol  alone  and  then  on  mixture 


HO 


120  130  HO 

ind.mean  effective  pressure  Lb.  per  sq.  in. 


0-6    ^ 


0-5    L 


0-4    ? 


150 


Series  II. — •A'ariable-compressiox  Exgixe. 

Fig.    to. — Variation   of   I.M.E.P.   and   consumption   with   mixture 

strength. 

Compression-ratio  5.45  :  1  ;  full  load  1500  revs,  per  minute;  heating 
to  air  intake  65  B.Th.Us.  per  minute  (net)  ;  ignition  adjusted  ;  jacket 
water  temperature' G0°  C. 

Petrol.  A. 

Test  1. 
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until  all  necessary  adjustments  had  been  made  and  all  temperature 
conditions,  etc.,  had  settled  down  to  their  normal  values.  The 
mixture  strength  was  adjusted  to  approximately  10  per  cent  rich 
at  which  strength  detonation  is  at  its  maximum,  and  the  ignition 
advanced  until  the  torque  was  at  a  maximum.     The  cylinder  was 


130  14-0  150 

'nd.  mecn  effective  pressure  Lb.  per  sj;. in. 


Series  II. — Variable-compression  Engine. 

"Figs.  71,  72,  73,  74. — Variation  of  I.M.E.P.  and  consumption,  with 
mixttu-e  strength. 

Compression-ratio  5. -45  :   1  ;   full  load,  1500  revs,  per  minute  ;   heating 
to  air  intake  65  B.Th.Us.  per  min.  (net)  ;   ignition  adjtisted. 

Alcohol  95  Vol.  per  cent,  jacket  water  temperature  52°  0. 

Test  2. 
-  Alcohol  and  ether  5  per  cent,  jacket  water  temperature 

52°  C.     Test  3. 
— -Alcohol  and  ether  10  per  cent,  jacket  water  temperature 

53°  C.     Test  4. 
Alcohol  and  ether  15  per  cent,  jacket  water  temperature 

51°  C.     Test  5. 


then  lowered  very  gradually  until  detonation  became  apparent  by 
a  sharp  ringing  knock  in  the  cylinder,  followed,  after  an  interval  of 
a  few  minutes,  by  a  slight  drop  in  torque,  due  to  incipient  pre-ignition. 
The  exact  determination  of  the  detonation-point,  as  found  in  this 
manner,  is,  to  some  extent,  a  question  of  judgment  on  the  pait  of 


I 


b 
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the  observer  ;  also  the  acciiracy  of  determination  depends  in  some 
measure  upon  the  nature  of  the  fuel.  In  the  case  of  certain  fuels, 
■detonation  is  very  clearly  defined ;  in  others,  it  is  much  less  definite. 
Both  with  the  ether-alcohol  and  with  the  petrol-alcohol  mixtures, 
the  detonation-point  was  very  sharply  defined,  and  could  be  deter- 
mined with  certainty  to  within  —  0.05  in  the  compression-ratio, 
that  is  to  say,  while  at  a  compression-ratio  of,  say.  4.8:1  there  would 
lie  only  very  slight  detonation,  at  4.9  :  1  there  would  be  a  loud 
liuging  knock. 

The  results  of  these  tests  are  shown  in  the  graphs,  Figs.  68  and  69. 

Vondusions  based  on  Tests  under  Series  I.  and  TV. 

From  these  graphs  the  follo'n'ing  may  be  concluded  : — 

(1)  With  all  mixtures  containing  alcohol  the  compression- 
ratio  at  the  detonation-point  increases  more  rapidly  than  in 
direct  proportion  to  the  percentage  of  alcohol. 

(2)  All  tests  are  in  good  agreement  that  for  small  proportions 
of  alcohol  its  effective  toluene  value  is  130  per  cent,  the  effect 
of  pure  toluene  being  taken  as  unity,  while  that  of  commercial 
benzol  is  7.5  per  cent. 

(3)  For  mixtures  containing  between  30  and  40  per  cent  of 
alcohol,  its  effective  toluene  value  may  be  taken  as  160  per  cent. 

(4)  The  detonation-points  of  the  various  bodies  were  as 
follows : — 

Ether  (determined  by  extrapolation  of  the  ctirve)  2.4  :  1  compression-ratio 

Heptane 3.8:1  ,, 

Mexican  spirit        4.4:1  ,, 

Pratt's  motor  spirit       4.8:1  ., 

Series  II. 
Power  and  Consnin-ption  Tests  at  Full  Load  and  Ignition  Adjusted. 

This  series  comprised  a  number  of  fuel- consumption  tests  on 
petrol  "  A,"  95  Vol.  per  cent  alcohol,  and  mixtures  containing  this 
alcohol  with  5,  10  and  15  per  cent  of  ether  respectively.  The 
tests  were  made  with  wide-open  throttle  at  a  speed  of  1500  revs, 
per  minute,  at  a  compression-ratio  of  5.45  :  1  and  with  the  mixture 
strength  varied  from  that  giving  maximum  power  down  to  the 
weakest  which  could  be  burned,  and  in  all  cases  with  a  constant 
heat  input  of  65  B.Th.Us.  per  minute  and  the  ignition  varied  to 
suit  each  irdxture  strength. 

The  results  of  these  tests  are  shown  in  detail  on  the  test  sheets, 
pp.  270-274,  and  on  the  graphs,  Figs.  70  to  74. 

The  significant  iDoints  on  each  of  these  curves  are  shown  in 
Table  XVin. 


250 


THE    IXSTITUTION    OF    AL'TONfOBILF.    E.VGINKEP.S 


2  c 


I  ^ 


t^    O  (M 

1--5 

o 

O 

t- 

n 

o 

O   •*  o 

SI  o 

O)  r- 

M    -t    t 
M  «  OT 

t 

M 

" 

~ 

-f 

«  t  !-■; 

M  rt   « 

n  ft 

O  O  r: 

-.r 

1- 

^.      .V-      -.* 

,^ 

.^ 

' 

1 

1 

' 

' 

1       1       1 

1     1 

K 

o 
;?: 

o 

a; 

« 


I— ( 
> 

K 


A 


O 


^ 


■=  s 


ooooTi    lo>n»so 

o  --c  o  :3        cc  w  -^  -^ 


IS  o  o 

«s  o  o 

o  o  o 

d  c  d 


t-  s  ac  c  o 


«  S  ■=    1   d  d 


©t «-  3    ! 


30    '» 


t  ~       2  -4:  c-  o  u-    !     I 


O'C    O    O    IS 


I  I  i 


^    a 


1     i 
< 

S   c   t   9 

^   1.    i.   c 

t.   ~   -   -■ 

5^  *■   s  2 

p.  a    A  P. 

1    Z 

c 

i  »  f-  ^     ^  E.  '^  7 
_  "3            i  —  ® 

i   c  c   5 
t   0   c   ii 
^.  ^   -   ^ 

•   '-c  is 

~  »s  —  — 

;s  ^      .     . 

^ 
^ 

w    c      -     - 

".    -     -'l-i'-- 

:.:,-- 

'^  -^ 

■-     .    .     .        >-     ,     .     . 
->."■'       X.     '    '    ' 

-.    -T    t-    0           M    0    35    fM 

<  < 

Tl    W    ■♦    iS 

^      -     -     . 

7.    '    '    ~ 

11   IS    X   -^ 

E^IFIRE    MOTOR    FUELS    CO>rMlTTEE    REPOR 

Fuel  consumption,  pts.per  I.H.P  per  hour 


251 


.Series  III. — Variable-compression  Encjine. 
Figs.  75,  76,  77  and  78. — -Effect  of  addition  of  ether  on  efficiency. 
Compression-ratio  5.45   :    1  ;    full  load  1500  revs,  per  minute;    heating, 
to  air  intake  Go  B.Th.Us.  per  minvite  ;   fixed  ignition. 
~ — -  -  -  -  - —      95  Vol.  per  cent  alcohol  ;  jacket  temperature  57'^  C.    Te.st  1. 

Alcohol  and  ether  5  per  cent  ;    jacket  temperature  54'^  C. 

Test  4. 

•     Alcohol  and  etlier  10  per  cent  ;  jacket  temperature  52°  C. 

Test  7. 

—     Alcohol  and  ether  15  per  cent  ;    jacket  tempeiatiue  52°  Q. 

Test  10. 
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It  Avill  be  observed  that  two  extra  tests  were  made  under  Series  II., 
one  with  petrol  '"A,"  and  one  with  the  95  Vol.  per  cent  alcohol  alone. 
Tests  had  also  been  made  to  determine  the  volumetric  efficiency 
■of  this  single-cylinder  engine  with  petrol  "A"  and  with  alcohol 
under  the  same  conditions  as  on  the  present  tests.  Although  we 
saw  no  advantage  in  recording,  in  this  report,  the  details  of  these 
preliminary  tests,  we  liave  been  able  from  the  information  which 
they  provided  to  show  on  the  graphs  the  points  on  the  fuel-consump- 
tion curves  where  the  mixture  strength  was  "  correct  " — that  is, 
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Series  III. — Variable-compressiox  Engine. 

Figs.  79,  80,  81  and  82. — Effect  on  I.M.E.P.  and  consumption  of 
adding  ether  to  alcohol. 

Compression-ratio  5.45  :   1;  heating  to  air  intake  26  B.Th. Us.  per  min.; 
load  40  per  cent  ;     1500  revs,   per  minute  ;    ignition  adjusted. 

Alcohol  95  Vol.  per  cent  ;  jacket  temperature  56°  C.  Test  3. 

Alcohol  and  ether  5  per  cent  ;    jacket  temperatiu-e  55°  C. 

Test  6. 
Alcohol  and  ether  10  per  cent  ;    jacket  temperature  55°  ('. 

Test  9. 
Alcohol  and  ether  15  per  cent  :    jacket  temperature  54°  C 

Test  12. 
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where  the  proportion  of  fuel  to  air  was  such  as  to  render  possible 
the  complete  combustion  of  both  the  fuel  and  the  oxygen.  It  has^ 
been  possible  also  to  show  the  point  on  each  curve  where  the  mixture- 
was  25  per  cent  "  rich,"  and  this  point  has  been  taken  as  a  basis  for 
comparing  the  maximum  power  output,  or  indicated  mean  effective 
pressure,  derived  from  each  fuel.  As  may  be  s^en  from  Table  XVIII.  ,^ 
we  have  given  the  fuel  consumption  and  efficiency  obtained  with 
the  "  correct  "  mixture  strength  as  well  as  with  the  mixture  "  weak."" 
The  latter  mixture  in  each  case  is  taken  as  that  at  which  the  fuel 
consumption  per  indicated  horse-power  per  hour,  and  therefore  the 
efficiency,  is  most  favourable.  Both  for  petrol,  for  alcohol  and  for 
alcohol-ether  mixtures,  it  was  found  that  maximum  efficiency 
occurred  when  there  was  from  15  to  17  per  cent  of  excess  air  present 
in  the  mixture. 

Conclusions  Based  on  Tests,  Series  II. 
Under  the  conditions  of  these  tests  : — 

(1)  Power  falls  very  slightly  with  increasing  proportions  of 
ether.  Between  the  limits  of  alcohol  alone  and  alcohol  with 
15  per  cent  ether,  the  fall  in  power,  both  with  ""  25  per  cent 
rich  "  and  with  '"  correct  mixture,"  is  less  than  1  per  cent. 

(2)  For  both  '"  25  per  cent  rich  "  and  for  ''  correct  mixture, "^ 
the  power  output  derived  from  alcohol  is  between  8  and  7.5  per 
cent  greater  than  that  given  by  petrol. 

(3)  Efficiency  increases  vnth.  increasing  proportions  of  ether. 
Between  the  limits  of  alcohol  alone  and  alcohol  with  15  per  cent 
ether,  the  increase  in  efficiency  is  2  per  cent  for  "  correct 
mixture"  and  1.5  per  cent  for  ''weak  mixture." 

(-1)  Fuel  consumption  (per  indicated  horse-power  per  hour) 
falls,  with  increased  proportions  of  ether,  more  rapidly  thaii 
would  be  expected  from  a  consideration  of  the  calorific  values 
alone.  Between  the  limits  of  alcohol  alone  and  alcohol  with 
15  per  cent  ether,  the  fall  In  consumption  (by  volume)  is  as. 
follows: — 

4.  8  per  cent  with  mixture    25  per  cent  rich 
3.8  ,.  ,,  ,,         "  correct  " 

3.3  ,.  ,,  .,         "weak" 

(5)  So  far  as  could  be  observed,  the  presence  of  these  small 
percentages  of  ether  appears  slightly  to  have  extended  the  useful 
range  of  mixture  strength  on  the  weak  side,  as  is  evidenced  by 
the  increasing  length  of  the  power/consumption  curves,  when 
the  percentage  of  ether  is  increased  progressively  (see  Figs. 
70-71). 
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Series  111. 

J'oy-er  and  Consumption  Tests  U'ith  Vanji)ig  Load,  cdso  vith  Fixed 
and  Varied  Icjuition  Timing. 

The  experiments  included  in  this  series  consisted  of  tests  on  the 
■same  mixtures  of  95  Vol.  per  cent  alcohol  and  ether,  but  under  three 
•different  conditions,  namely  : — 

(A)  With  full  open  throttle  and  constant  heat  input  a«  for 
Series  II.,  but  with  fixed  ignition. 

(B)  At  40  per  cent  full  load  torque  (brake),  40  per  cent  of 
full  heat  input,  and  with  ignition  adjusted. 

(C)  At  40  per  cent  full  load  torque  and  heating  to  intake 
air  as  for  conditiou  (B),  but  with  fixed  ignition. 

The  primary  object  of  these  tests  was  to  determine  whether  the 
•addition  of  ether  would  increase  the  range  of  burning  at  reduced  loads 
or  would  so  speed  up  the  rate  of  burning  as  to  show,  with  a  fixed 
ignition,  a  higher  thermal  efficiency  than  was  obtained  with  alcohol 
alone. 

These  experiments  are  recorded  in  detail  in  the  test  sheets,  pp. 
275-286,  and  on  the  graphs,  Figs.  75  to  86. 

'ConcJusions  Based  on  Tests,  Series  III.:    Under  the  Full-load  Condi- 
tions of  Tests. 

(1)  By  the  additon  of  ether,  the  efficimey  is  increased  with 
fixed  ignition  as  it  was  with  the  ignition  adjusted.  Between  the 
limits  of  alcohol  alone  and  alcohol  with  15  per  cent  ether,  the 
efficiency,  with  "  weak  mixture  "  and  fixed  ignition,  increased 
by  2.3  per  cent. 

(2)  The  minimum  fuel  consum])tioii  (by  volume)  decreased 
by  4.2  per  cent  as  between  alcohol  alone  and  a  mixture  con- 
taining 15  per  cent  of  ether  when  the  ignition  was  fixed. 

Under  the  40  per  cent  Load  Conditions. 

(3)  The  increase  in  efficiency  due  to  the  addition  of  ether  was, 
with  adjusted  ignition,  somewhat  greater  than  under  the  similar 
full-load  conditions. 

(4)  With  fixed  ignition  the  improvement,  due  to  the  addition 
of  ether,  was  slightly  less  than  under  the  corresponding  full-load 
conditions. 

(5)  So  far  as  could  be  ascertained,  the  presence  of  ether  had 
but  little  influence  beyond  that  due  to  its  physical  properties  as 
regards  heat  value  and  latent  heat  of  evaporation.  There  was 
little  evidence  that  at  reduced  loads  when  the  proportion  of 
residual    exhaust  products    is  larger,  the  ether    compensates 
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for  the  reduced  rate  of  burning  to  an  appreciable  extent, 
and  thereby  renders  less  important  the  varying  of  ignition 
timing  to  suit  variation!?  of  load. 

Section  II. 

The  experiments  recorded  under  this  section  were  carried  out 
Avitli  a  four-cvlinder  Levland  lorrv  ensine,  having  a  power  output 
<>i  30  B.H.P.  at  1<X)0  revs,  per  minute.' 

The  bore  of  the  engine  is  4.5  in.  and  the  stroke  5  in.,  or  1320  e.c. 
per  cylinder. 

The  clearance  space  in  each  cylinder  was  measured,  and  the  values 
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Ind.  mean  effective  pressure.  Lb.  per  sq. in. 

Series  III. — V.ajiiable-compression  Eng;i^"e. 

Figs.    83,  84,   So  axd  86.— Effect  on  I.M.E.P.  and  consumption  of 
adding  ether  to  alcohol. 

Compression-ratio  5.45  :   1  ;  heating  to  air  intake  26  B.Th.Vs.  per  miii.; 
load  40  per  cent  ;    1500  revs,  per  mimite  ;     fixed  ignition. 

Alcohol  95  Vol.  per  cent  ;   jacket  temperature  57°  C.    Test  2. 

Alcohol  and  ether  5  per  cent  ;    jacket  temperature  56°  C. 

Test  5. 
Alcohol  and  ether  10  per  cent  ;   jacket  temperatiire  57°  C. 

Test  8. 
Alcohol  and  ether  15  per  cent  ;    jacket  temperature  56°  C. 

Test  II. 
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obtained,    together    with    the    compression-ratios,    are    shown    hi. 
Table  XIX.  ^ 

Table  XIX.— LEYLAXD  LORRY  EXGIXE. 

Cylinder.  Clearaace  vol.  c.c.  Compression-ratio 

No.  1 417 4.10 

No.  2 400 4 .  30 

No.  3 398 4.30 

No.  4 411      4.21 

Average  compression-ratio  4.24  :  1 

The  engine  was  provided  with  magneto  ignition,  having  arrange- 
ments for  variable  timing,  and  the  carburettor  was  of  the  Claudel- 
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Ind.mean  effective  pressure  Lb.per  sq.in. 

Series  IV. — ^Levlaxd  Lorkv  Engine. 

Fig.   87. — Effect  on  consumption  of  variation  in  mixture  strength 
and  heating  to  air  intake  witli  Petrol. 

Full  load  1000  revs,  per  minute  ;    heating  to  air  imake  1500  watts  ; 
fixed  ignition  45  deg.  early  ;    water  outlet  temperature  Go"  C. 

Petrol,  A. 
Tests  1  and  lA. 


EMPIRE    MOTOR    FUELS    COMMITTEE    REPORT 


257 


Hobson  type.  An  electric  heater  to  the  air  intake  was  fitted,  and  the 
heat-input  could  be  varied  and  accurately  measured  between  200() 
watts  (114  B.Th.Us.  per  minute)  and  zero. 

The  engine  was  coupled  through  a  flexible  coupling  to  a  balanced- 
field  electric  dynamometer,  and  all  arrangements  tor  varying  and 
measuring  the  load,  also  for  varying  and  measuring  the  fuel  supplied 
to  the  jet  of  the  carburettor,  were  exactly  similar  to  those  used  with 
the  single-cylinder  variable-compression  engine,  as  described 
earlier. 

Speed. — A  number  of  preliminary  tests  were  made  at  an  engine 
speed  of  1200  revs,  j^er  minute,  but  it  was  found  that  with  full- 
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Series  IV. — Leyland  Lorry  Engine. 

Fig.    88. — Effect  on  consumption   of  variation  in  mixture  strength 
and  heating  to  air  intake  with  Alcohol  95  Vol.  j)er  cent. 

Full  load,   1000  revs,  per  minute  ;    heating  to  air  intake  1.500  watts  ; 
fixed  ignition  45  deg.   early  ;     water  outlet  temperature   05°  C. 
Tests  2  and  2 A. 

S 
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Open  throttle  the  perforuiauce  of  tht-  engine  was  not  consistent, 
owing  partly  to  the  vibration  at  this  speed,  and  also  probably  to  the 
conditions  as  regards  heat-flow  to  the  pistons  being  too  severe  for 
the  continuous  running  required  for  making  power  and  consumption 
tests  over  the  whole  mixture  range  for  each  fuel. 

At  1000  revs,  per  minute  the  engine  was  found  to  behave  very 
well  under  all  conditions  of  load,  and  this  speed  therefore  was 
adopted  for  the  tests  which  are  now  described. 

Heating. — Preliminary  tests  were  made  (these  are  not  here  recorded 
in  detail)  with  alcohol  alone  and  with  varying  loads  to  determine  the 


80  90 

Ind.mean  effective  pressure  Lb.per  sq.inch' 


Fig. 


Sebies  IV. — Leyland  Lorry  Engine. 
89. — Effect  on  consumption  of  variation  in  mixture  strength 


with  alcohol  95  Vo\.  per  cent  and  ether  5  Vol.  per  cent. 
Full  load,   1000  revs,  per  minute  ;    heating  to  air  intake  1500  watts  ; 
fixed  ignition  45  deg.   early  ;     water  outlet   temperature   65°  C. 
Teat  3. 


minimum  heat  which,  when  applied  to  the  air  intake,  would  give 
consistent  running  and  an  appreciable  range  of  mixture  strength. 

From  a  consideration  of  the  practical  raeans  employed  for  car- 
burettor-heating to  a  lorry  or  bus  engine  in  service,  it  was  decided 
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to  make  the  heating  during  these  tests  proportional  to  the  square 
root  of  the  load  on  the  engine,  and  to  find  what  minimum  degree  of 
heating  was  required  when  this  relation  of  heating  and  load  was 
followed. 

The  preliminary  tests  showed  that  with  any  mixture  of  alcohol 
and  ether  (including  alcohol  alone),  consistent  and  fairly  economical 
running  could  be  obtained  with  no  heating  at  full  load.  At  half- 
load  and  quarter-load,  however,  it  was  found  to  be  impossible,  with 


Ind.  mean  effecli^e  pressure  Lb,  per  iq.  in. 


Series  IV. — Levlaicd  Lorry  Encjine. 

Fro.  90. — ^Effect  on  consumption,  of  variation  in  mixtiu'e  strength 
with  alcohol  95  Vol.  per  cent  and  ether  10  per  cent. 

Full  load,  1000  revs,  per  minute  ;    heating  to  air  intake  1500  watts  ; 
fixed  ignition  45  deg.  early  ;   water  outlet  temperature  64°  C. 
Test  4. 


any  mixture  up  to  that  containing  15  per  cent  of  ether  in  alcohol, 
to  obtain  satisfactory  running  of  the  engine.  Neither  could  petrol 
be  used  at  these  reduced  loads  without  heat. 

As  the  result  of  numerous  tests,  it  was  found  that  the  limit  appeared 
at  half-load  with  alcohol  alone,  and  the  minimum  heat  input  was 
discovered  in  the  near  neighbourhood  of  1000  watts  (57  B.Th.Us. 
per  minute)  for  this  load. 
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Minimum  standard  heating  was  therefore  fixed  upon  as  in  Table 
XX.,  the  variation,  as  stated  above,  being  taken  as  the  square  root 
of  the  brake  load  : — 

Table  XX.— LEYLAXD  LORRY  ENGINE. 

^Minimum  standard  lieating 
Load  for  alcohol 

Full  load  (brake)       1500  watts  =  85  B.Th. Us.  per  min. 

Half-load  (brake)      1060      „      =  60 

Qviarter-load  (brake)         ..       ..        750      ,,       =42.5       ,,  ,, 

In  the  tests  with  the  four-cylinder  engine  a  procedure  was  adopted 
which  was  entirely  similar  to  that  employed  in  the  tests  described 
with  the  single-cylinder  engine. 

For  Series  IV.  the  throttle  was  fixed  at  wide  open,  while  the 
ignition  timing  was  maintained  at  45  degrees  before  top  dead-centre, 
this  angle  being  measured  on  the  flywheel.  The  electrical  input  to 
the  air  heater  was  adjusted  for  constant  heating,  and  while  the 
mixture  strength  was  varied  (by  means  of  a  needle  valve  in  the 
carburettor  jet),  causing  changes  of  engine  output,  the  field  strength 
of  the  dynamometer  was  adjusted,  so  as  to  provide  a  load  which 
maintained  constant  engine  speed. 

For  Series  V.  the  procedure  was  similar,  except  that  the  throttle 
was  fixed  at  a  point  ■which,  for  the  first  five  tests,  gave  half,  and  for 
the  second  five  tests  gave  one-quarter  of  the  full  brake  horse-power 
of  the  engine.  Throughout  all  the  tests  with  the  four-cylinder  engine, 
the  ignition  point  was  fixed  at  45  degrees  early,  as  measured  on  the 
crank-angle. 

Programme    of    Tests    on    Four-Cylinder    (Leyland   Lorry) 

Engine. 

The  programme  consisted  of  the  following  series  of  tests  : — 

Series  IV. — Consumption  and  jjower  tests  over  mixture  range 
at  full  throttle,  with  95  per  cent  alcohol  alone  and  with  5,  10 
and  15  per  cent  ether  :  no  additional  heating  to  carburettor 
unless  found  essential  (five  complete  tests,  including  a  check 
test,  to  be  run  on  petrol). 

Series  V. — Tests  for  consumption  over  complete  mixture 
strength  at  0.25  and  0.5  of  full  load,  keeping  cylinder-jacket 
temperature  constant  :  no  additional  heating  to  carburettor 
unless  found  necessary  by  prehminary  tests  ;  ignition  setting  to 
be  constant,  as  found  most  suitable  for  full  load.  Also  run  one 
similar  check  test  on  petrol  at  each  load  (ten  complete  tests). 

Observe  and  report  upon  behaviour  of  four-cylinder  engine 
generally  on  each  mixture,  wuth  particular  reference  to  ease  of 
starting,  acceleration  and  ''  responsiveness  "  of  engine  generally. 
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Series  IV. 

Poicer  and  Consumption  Tests  at  Full  Load  with  Leyland  Lorry  Engine. 

The  results  of  these  tests  are  recorded  in  detail  in  the  test  sheets, 
pp.  287-291,  and  are  shown  clearly  by  the  graphs,  Figs.  87  to  91. 
The  conclusions  to  be  drawn  may  be  summarised  as  follows  : — 

(1)  Under  equal  conditions  of  heating,  the  maximum  power 
falls  slightly  with  increasing  proportions  of  ether.  Between 
the  limits  of  alcohol  alone  and  alcohol  with  15  per  cent  of  ether, 
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lnd.m«on  effective  pr«ssur«  Lb.psr  jq.in. 

Series  IV. — Leyland  Lorry  Excuxe. 

Fic;.  91. — Effect  on  consumption  of  variation   in  mixture  strength 
with  alcohol  95  Vol.  per  cent  and  ether  15  per  cent. 

Full  load,  1000  revs,  per  minute  ;    heating  to  air  intake  1500  watts  ; 
fixed  ignition  45  deg.  early  ;    water  outlet  temperature  64°  C. 
Test  5. 


the  fall  in  power  (on  a  mixture  strength  25  per  cent  rich)  is 
1  per  cent.  A  similar  result  was  shown  to  occur  with  the  single- 
cylinder  engine. 

(2)  "With  mixtures  25  per  cent  rich  in  each  case,  the  power 
on  alcohol  is  5  per  cent  greater  than  that  obtained  with  petrol, 
both  for  the  heated  and  for  the  unheated  condition.  It  was 
shown  that  with  the  single-cyhnder  engine  the  advantage  in 
power  was  8  per  cent. 


262 


THE   INSTITUTION   OF   AUTOMOBILE   ENGINEEKS 


(3)  From  graph,  Fig.  87  (the  results  being  confirmed  by  three 
tests  made  on  different  days),  the  maximum  power  output  from 
petrol  was  obtained  with  a  mixture  only  5  per  cent  rich  and, 
comparing    this    power    with    that    obtainable    with    alcohol 
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Series  V. — Leyland  Lokry  Engine. 

Fig.    92. — Effect    on    consumption    at    half    load    of    variation    m 
mixture  strength  with  petrol  "A." 

Half  load,   1000  revs,  per  minute  ;    heating  to  air  intake  1060  watts   ; 
fixed  ignition  45  deg.  early  ;   water  ovitlet  temperature  62°  C. 
Test  1. 


(mixture   strength  limited  to  25  per  cent  rich),  the  advantage 
in  favour  of  alcohol  is  little  more  than  2  per  cent. 

(4)  Under  full-load  conditions  there  is  no  measurable  increase 
in  efficiency  due  to  the  increased  proportions  of  ether  in  the 
mixtures  with  alcohol.    This  result  is  quite  contrary  to  expecta- 
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tion,  but  it  is  entirely  confirmed  both  at  the  '"  weak  "  (or  most 
economical)  and  at  the  "  correct  "  mixture. 

(5)  Even  the  removal  of  the  heating  to  the  air  intake  caused 
no  measurable  fall  in  efficiency,  either  at  "  weak "  or  at 
"  correct "  mixture. 

(6)  The  efficiency  on  petrol,  however,  was  7  per  cent  higher 
than  on  alcohol  or  on  the  alcohol-ether  mixtures.  In  view  of 
conclusions  (4)  and  (5),  this  result  again  is  surprising,  though 
it  is  well  confirmed  by  similar  observations  made  on  the 
tests  at  half-load. 

(7)  Fuel  consumption  under  full-load  conditions  is  inversely 
proportional  to  the  heat  value  of  the  alcohol-ether  mixtures. 
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Series  V. — Leyland  Lorry  Engine. 

Figs.  93,  94,  95  and  96. — Effect    on  consumption  at   half   load  of 
variation  in  mixture  strength. 

Half  load,  1000  revs,  per  minute  ;    heating  to  air  intake  1060  watte  ; 
fixed  ignition  45  deg.  early. 

—  —   Alcohol  95  Vol.  per  cent  ;   water  outlet  temperature  59°  C. 

Test  2. 
Alcohol  95   Vol.    per    cent,  and    ether  5  per  cent;    water 

outlet  temperature  62°  C.     Test  3. 
■  Alcohol   95  Vol.  per  cent,  and  ether  10  per  cent ;   water 

outlet  temperature  63°  C.     Test  4. 
Alcohol  and  ether  15  per  cent  :    water  outlet  temperature 

64"  C.     Test  5. 
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(8)  The  consumption  on  these  mixtures  as  compared  with 
petrol  is  appreciably  less  favourable  than  a  mere  examination 
of  the  relative  heat  values  would  indicate. 

Series  V. 

Power  and  Consumption  Tef:ts  at  Farlial  Loads  iviih  Leyland  Lorry 
Engine  {Table  XXL). 

From  these  tests,  recorded  in  detail  in  the  test  sheets,  pp.  292- 
301,  and  on  the  graphs,  Figs.  92  to  101,  the  following  conclusions 
are  drawn  :— 

(1)  Both  at  half-load  and  at  quarter-load  there  is  a  definite 
advantage  as  regards  power,  economy  and  range  of  combustion 
due  to  the  addition  of  small  proportions  of  ether  in  alcohol 
mixtures. 

(2)  These  advantages  become  well  marked  for  the  10  and  15  per 
cent  ether  mixtures.  The  increase  in  range  of  combustion, 
giving  increased  "responsiveness"  in  acceleration,  is  clearly 
shown  by  the  graphs  of  the  tests  made  on  half -load — see  Figs.  93 
to  96.  The  length  of  each  curve  represents  the  range  of  mixture 
over  which  the  engine  would  run  steadily  and  without '"  missing." 

(3)  Between  alcohol  alone  and  a  mixture  containing  10  per 
cent  ether  the  improvement  in  efficiency  was  measured  as 
7.5  per  cent  both  for  half-load  and  for  quarter-load  conditions. 

(4)  At  half-load  the  efficiency  on  petrol  was  no  less  than  12  per 
cent  higher  than  for  the  most  economical  of  the  alcohol-ether 
mixtures. 

At  quarter-load,  in  the  case  of  the  test  on  the  10  per  cent 
ether  mixture,  an  efficiency  superior  by  4  per  cent  (as  com- 
pared with  petrol)  was  recorded.  However,  the  results  obtained 
at  this  very  small  load  are  given  with  reservation,  since  all 
errors  of  observation  are  proportionally  magnified  and  the 
irregularities  of  engine  running  are  greatly  accentuated  as  the 
load  is  reduced. 

General  Remarks  on  the  Four-Cylinder  Engine  Tests. 

The  results  recorded  in  the  preceding  paragraphs  were  considered 
to  be  of  such  great  interest  as  to  warrant  a  fuller  investigation.  For 
this  purpose  we  carried  out  additional  tests  on  the  Leyland  lorry 
engine  with  the  air  intake  connected  to  the  air-measuring  apparatus 
previously  described. 

Since  these  further  tests  were  not  specifically  asked  for  in  connec- 
tion with  the  present  programme,  we  have  not  considered  it  necessary 
to  include  here  the  detailed  results. 
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The  conclusions  whicli  we  are  able  to  draw,  however,  have  a 
significance  in  connection  with  the  tests  described  in  this  report, 
and  some  of  the  air-measurement  results  are  therefore  given  in 
Table  XXTI. 

Table  XXII.— LEYLAND  LORRY  ENGINE. 
Speed,  1000  revs,  per  minute,  full  throttle  ;  Compression-ratio,  4.24  :  1. 


Fuel 

Heat  to 
air 

intake, 
B.Th.Us. 
per  minute 

Mean 

volumetric 

efficiency 

(airat  n.t.p.) 

per  cent. 

Air  consumption  (mixture 
25  per  cent  rich ) 

lb.  pel' 
hour 

lb.  per 
I.H.P.perhr. 

Petrol  "  A   '.  . 

85 
nil 
85 
nil 

62.2 
65.4 
63.5 
66.5 

276 
290 
282 
295 

8.0 

(min.  7.  75) 
7.9 

Alcohol  95  Vol.  per 

cent.    .  . 

(min.  7.80) 
7 .  55 

7.65 

From  these  further  tests,  light  is  thrown  on  the  reasons  for  the 
following  facts  which  were  observed,  and  which  have  been  recorded 
in  this  report. 

Increase  of  Maximum  Power  with  Alcohol  Mixtures,  as  compared  with 
Petrol. 

It  has  been  recorded  above  that  this  increase  for  the  single-cylinder 
engine  was  8  per  cent,  whereas  for  the  four-cylinder  engine  it  was 
only  2  per  cent. 

From  Table  XXII.  it  will  be  seen  that  the  increase  in  volumetric 
efficiency,  due  to  the  use  of  alcohol,  was  only  2  per  cent  for  the 
lorry  engine,  while,  as  we  have  previously  shown,  the  correspond- 
ing increase  with  the  single-cylinder  variable-compression  engine 
was  very  nearly  8  per  cent. 

From  these  results  arise  the  general  conclusions  : — 

(1)  That  the  extra  power  on  alcohol  is  due  to  the  correspond- 
ing increase  in  the  weight  of  air  drawn  into  the  cylinder. 

(2)  That  this  extra  Aveight  of  air,  or  increase  in  volumetric 
efficiency,  varies  greatly  as  between  different  types  of  engine. 

Loss  of  Fuel  Efficiency  {in  the  Four-Cylinder  Engine)  ivith  Alcohol 
Mixtures  as  compared  with  Petrol. 

It  has  been  recorded  (conclusion  6,  Series  IV,  p.  263.)  that  this 
loss  was  measured  as  7  per  cent. 
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From  Table  XXII.it  will  be  seen  that  the  minimum  consumption 
of  air  per  indicated  horse-power  per  hour  in  the  lorry  engine  was  2| 
per  cent  more  favourable  with  alcohol  than  with  petrol.     A  similar 


30  40 

Ind.  mean  pressure. 

Lb.  per  sq.  Inch 

Series  V.— Leyland  Lorry  Engine. 

Fig.  97. — Effect  on   consumption  at   quarter  load  of  variation  in 
mixture  strength  with  petrol  '"A." 

Qxiaiter  load,  1000  revs,  per  minute  ;    heating  to  air  intake  750  watts  ; 
fixed  ignition  45  deg.  early  ;   water  outlet  temperature  66°  C. 
Test  6. 


improvement  in  air  efficiency  was  observed  for  the  single-cylinder 
variable-compression  engine. 

Another  significant  fact,  observed  with  the  lorry  engine  at  full 
load,  is  that  the  fuel  efficiency  with  heated  air  intake  was  no  greater 
than  when  running  without  heat. 
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Ind.mean  effective  Pressure. Lb.  per  sq.in. 


Series  V. — ^Leyland  Lorry  Engine. 

Figs.  98,  99,  100  and  101. — -Effect  on  consumption  at  quarter  load 
of  variations  in  mixture  strength. 

Quarter  load,  1000  revs,  per  minute  ;    heating  to  air  intake  7.50  watts  ; 
fixed  ignition  45  deg.  early. 

Alcohol  95  Vol.  per  cent  ;    \va.ter  outlet  temperature  62"  C 

Test  7. 
Alcohol  95  Vol.  per  cent    and   ether    5  per   cent  ;    water 

oiitlet  temperature  65°  C.     Test  S. 
— Alcohol    95  Vol.  per  cent    and   ether  10  per  cent  ;    water 

outlet  temperature  65°  C.     Test  9. 
Alcohol   95  Vol.  per  cent    and    ether    15  per  cent  ;    water 

outlet  temperature  62°  C.     Test  10. 
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The  following  general  conclusions  therefore  arc  reached  : — 

(1)  That  there  is  an  advantage  (for  both  types  of  engine)  in 
air  efficiency  by  the  use  of  alcohol  and  its  mixtures. 

(2)  That  the  rather  serious  loss  in  fuel  efficiency  with  the 
Leyland  lorry  engine  on  alcohol  or  on  mixtures  containing  large 
proportions  of  alcohol,  is  due  both  to  "  distribution  "  losses  and 
to  "  condensation  "  in  the  cylinder.  The  results  of  the  experi- 
ments incline  us  to  the  view  that  condensation — or,  more 
properly,  incomplete  evaporation  or  incomplete  mixing  of  the 
fuel  ■Rith  the  air  in  the  cylinder — is  mainly  responsible  for  the 
loss  of  fuel  economy  with  alcohol. 

As  concerning  the  main  purpose  of  this  report,  the  addition  of 
from  10  to  15  per  cent  of  ether  in  alcohol  is  justified  on  the  grounds 
of  better  performance  at  reduced  loads. 

From  tests  we  have  made,  but  which  are  not  recorded  here,  the 
temperature  at  which  ''starting"  is  possible  will  be  appreciably 
lowered  by  the  presence  of  from  10  to  15  per  cent  of  ether  in  the 
alcohol  mixture.  With  such  a  small  proportion  of  ether,  however, 
it  is  not  possible,  with  most  carburettors,  to  start  the  engine  from 
cold. 
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Series   II.     Test  Xo.    I. 

Consumption  and  Power  at  Full  Load. 

Compression-Ratio  5.45  :  I. 
Air  Standard  Efficiency  49.4  per  cent. 

Fuel — Petrol  "A."'     S.G.  0.78.5. 
Barometer  29.91in.  Ignition  Fosition  Xo.  0  =  26  deg.  early. 


Heat 

Torque  at 

I'emperature 

Fuel 

input 

3ft. 

rad. 

°C. 

consumption. 

65 

Revs. 

W  =  38.21b. 

Igni- 

Unit vol.  J  pint 

B.Th. 

I.M. 

Ind. 

tion 

Us. 

per 

1 

min. 

Nett 

E.P. 

H.P. 

Inlet 

posi- 

Pint per 

IK»r 

Spring 

weight 

Waterlhous- 

Engine 

tion 

Seconds  I.H.P. 

mill. 

balance 

(=w) 

outlet  j   ing 

room 

Xo. 

unit  vol  per  hr. 

(net) 

1 

2 

3 

4 

5 

6            7 

8 

9 

10            11 

12 

Volt.s 

1500 

3.2 

35.0 

143.8 

34.4 

63.0 

24.6 

16.1 

1.2 

50.8 

— 

69* 

1478 

3.6 

34.6 

142.4 

33.6 

59.5  :  24.5 

,, 

1.3 

43.7 

0.614 

1492 

3.3 

34.9 

143.4 

34.1 

60.0  I  25.0 

1.2 

45.2 

0.585 

1496 

3.2 

35.0 

143.8 

34.3 

61.8  1  25.3 

1.2 

48.6 

0.540 

1533 

3.0 

35.2 

144.5 

35.4 

64.8  j  25.5 

1.2 

50.9 

0.500 

1536 

3.1 

35.1 

144.1 

35.4 

66.0  1  26.6 

1.2 

53.9 

0.472 

1532 

3.0 

35.2 

144.5 

35.3 

65.0     27.0 

1.2 

52.8 

0.483 

1536 

3.3 

34.9 

143.4 

35.2 

67.0  i  27.0 

1.2 

55.3 

0.462 

1478 

3.7 

34.5 

142.0 

33.5 

61.0     27.5 

1.4 

59.3 

0.453 

1480 

4.4 

33.8 

139.5 

32.9 

61.0 

27.3 

1.7 

60.5 

0.452 

1482 

5.4 

32.8 

135.9 

32.1 

69.0 

27.6 

1.7 

64.3 

0.436 

1498 

6.7 

31.5 

131.3  31.6 

58.0 

28.1 

2.0 

67.0 

0.425 

1485 

8.0 

30.2 

126.6 

30.0 

—     t  28.6 

2.5 

71.0 

0.422 

1520 

10.0 

28.2 

119.5 

29.0 

—       28.6 

2.8 

74.9 

0.415 

1498 

12.7 

25.5 

109.8 

26.3 

— 

28. 7  i 

16.0 

3.4 

79.5 

0.431 

it 

Remarks. — Friction  test,  5.31b.;  temp.,  68^  C. 
*  21 .  7  amps.  f  Very  slightly  unstable. 
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Series   II.     Test  No.   2. 

Consumption  and  Power  at  Full  Load. 

Compression-Ratio  5.4.5  :  I. 
Air  Standard  Efficiency  49.  4  per  cent. 

i^wei— Alcohol  95  Vol.  par  cent.     S.G.  0.815.5. 
Barometer  29.86in.     Ignition  Position  Xo.  0  =  26  cleg,  early. 


1 

Hear 

Torque  at 

Temperature 

Fuel 

input 

3£t. 

rad. 

°C. 

consumption. 

65 

Pvevs. 

W  = 

501b. 

Igni- 

Unit  vol.  J  pint. 

B.Th. 

I.M.  I  Ind. 
E.P.    H.P. 

i-ir\n 

Us. 
per 

per 
!uin. 

Nett 

Inlet 

1  posi- 

Pint  per 

Spring 

weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

min. 

balance 

(=w) 

outlet 

ing 

room 

Xo. 

unit  vol 

per  hr. 

(net) 

1 

2 

3 

4           5 

G      1     7     1       8      j     9 

10            11 

12 

Petrol 

..^,. 

Volts 

1502 

14.8 

1 

56.5 

29.2 

17.5      1.5 

53.0 

69* 

Alcoh 

ol 

' 

1515 

11.3 

38.7 

156.5'  38.0 

50.0 

16.0 

.,     :  1.5 

25.5 

0.929 

1492 

11.2 

38.8 

156.8 

37.5 

51.0 

16.0 

.,      !    1.5 

27.0 

0.889 

1490 

11.6 

38.5 

155.8 

37.2 

51.8 

16.0 

29.0 

0.835 

1505 

11.7 

38.3 

155.1 

37.4 

53.0 

16.2 

.,        .,  • 

30.3 

0.795 

1508 

11.9 

38.1 

154.3 

37.3 

54.7 

16.2 

,,        ., 

32.8 

0.736 

1480 

12.8 

37.2 

151.1 

35.7 

54.9 

16.2 

..      !    1.6 

36.0 

0.700 

1518 

14.6 

35.4 

144.7 

35.2 

54.9 

16.0 

..      1   2.0 

37.8 

0.676 

148G 

15.9 

34.1 

140.1 

33.4 

50.6 

15.9 

..      i   2.0 

40.2 

0.671 

1490 

16.9 

33.1 

136.5 

32.6 

49.5 

15.9 

,.      '   2.0 

41.4 

0.667 

1497 

18.7 

31.3 

130.1 

31.2 

58.0 

16.0 

2.5 

43.6 

0.662 

1482 

21.6 

28.4  . 

119.8 

28.5^ 

49.0 

16.0 

1 

"   ! 

3.8 

46.2 

0.683 

67 

'.5t 

Remarks. — Friction  test,  5.2  1b.;   temp.,  63' C. 
*  21.7  amps.  t21.3ai:ip3. 
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Sehie?  II.     Test  No. 

Consumption  and  Power  at  Full  Load. 

Compression-Ratio  5.45:  1. 
Air  Standard  Efficiency  49.  4  per  cent. 

Fuel— Alcohol  and  Ether,  5  per  cent.     S.G.  0.813. 
Barometer  29.86in.     Ignition  Foaition  Xo.  0  =  26  deg.  early. 


Heat 

Torqvje  at 

Temperature 

Fuel 

input 

3ft. 

rad. 

=  C. 

consumption. 

65 

Revs. 

W  = 

50  1b. 

Igni- 

Unit vol.  J  pint 

B.Th. 

•ru^n 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Us. 

per 

per 
min. 

Nett 

Inlet 

Pint  per 

Spring 

weight 

Water  hoiis-  Engine 

tion 

Seconds   I.H.P. 

min. 

balance 

(=  w) 

otitlet 

ing   1  room 

No. 

unit  vol  per  hr. 

(net ) 

I 

2 

3      1      4 

5 

6 

7            8 

9 

10             11 

12 

Petrol 

"A  " 

Volts 

1500 

14.6 

56.0 

27.0 

17.5 

1.5 

52.0 

69* 

Alcoh 

ol 

1506 

II. 6 

38.4 

155.6  37.5 

51.0 

16.0 

17.5 

1.5 

27.1 

0.886 

,, 

1488 

11.8 

38.2 

154.9  36.8 

53.0 

15.  5 

1.5 

31.3 

0.781 

,, 

1483 

11.8 

38.2    154.9  36.7 

53.  5 

15.2 

,, 

34.0 

0.722 

,^ 

1480 

12.5 

37.5    152.3  36.1 

54.0 

15.8 

,, 

36.5 

.0.683 

j^ 

1510 

14.4 

35.6    145.5  35.2 

52.0 

15.5 

" 

1.4 

38.0 

0.673 

,, 

1470 

15.4 

34.6    141.9  33.5 

50.5 

15.6 

1.7 

40.5 

0.664 

,, 

1482 

16. 3§ 

32.9§|138.7j  34.2 

53.2 

15.6 

1.8 

41.6 

0.658 

,, 

1488 

18.0 

32.  o' 

132.6  31.6 

51.2 

15.5 

2.3 

43.7 

0.653 

,, 

1502 

20.5 

29.5 

123.6'  29.8 

51.8 

15.5 

3.0 

46.2 

0.654 

68t 

1499 

22.5 

27.5 

116. 4 

28.0 

50.8 

17.2 

3.8 

46.6 

.  0.690 

66$ 

Remakks. — Friction  5.2  lb.,  as  per  95  per  cent  alcohol  test. 
*  21.7  amps.  •f21.5ami>s.  ;;  20.2  amps.  §  Evident  error. 
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Series  II.     Test  Xo.   4. 

Consumption  and  Power  at  Full  Load. 

Compression-Ratio  5.45  :  1. 
Air  Standard  Efficiency  49.  4  per  cent. 

Fuel— Alcohol  and  Ether,  10  per  cent.     5.Gf.  0. 810. 
Barometer  29.86in.     Ignition  Position  Xo.  0  =  26  deg.  early. 


Heat 

Torque  at 

Temperature 

Fuel 

input 

3ft. 

rad. 

"  C. 

consumption. 

6.5 

fie  vs. 

W  = 

501b. 

I.M. 
E.P. 

Ind. 
H.P. 

Igni- 
tion 
posi- 

Unit vo 

1.  \  pint 

B.Th. 
Us. 
per 

per 
min. 

Nett 

Inlet 

Pint  per 

Spring 

weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

miu. 

balance 

(=w) 

outlet 

ing 
7 

room 

Xo. 

unit  vol 

perhr. 

(net) 

1 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

Petrol 

"-4  " 

Volta 

1500 

14.5 

52.5 

25.0 

17.0 

1.5 

50.5 

69* 

Alcoh 

ol 

1515 

11.5 

38.5 

155.7 

37.8 

49.5 

14.6 

,, 

26.9 

0.885 

,, 

1505 

11.7 

38.3 

155.0 

37.4 

51.5 

14.8 

" 

30.3 

0.794 

„ 

1466 

11.7 

38.3 

155.0 

36.4 

52.5 

15.0 

32.9 

0.752 

,, 

1485 

12.3 

37.7 

152.8 

36.4 

54.0 

15.0 

1.8 

35.1 

0.705 

,, 

1478 

13.3 

36.7 

149.3 

35.4 

53.6 

15.0 

1.8 

37.5 

0.678 

,, 

1486 

15.1 

34.9 

142.8 

34.8 

52.0 

15.1 

2.1 

39.6 

0.653 

j^ 

1480 

17.2 

32.8 

135.3 

32.1 

54.5 

15.2 

3.0 

43.0 

0.652 

,j 

1515 

18.7 

31.3 

129.9 

31.6 

54.0 

15.2 

17.3 

3.5 

44.2 

0.645 

1502 

20.5 

29.5 

123.4 

29.8 

52.5 

15.2 

3.8 

47.0 

0.643 

68t 

1502 

24.0 

26.0 

110.8 

26.8 

50.5 

15.2 

3.8 

47.8 

0.703 

67t 

Rem.\bks. — Friction  assumed  to  be  5.2. 
*  21 . 7  amps.         t  -1  •  5  amps.         J  21 .  3  an^ps.,  pop.  back. 
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Skriks   11.     Tkst  No.   5. 

Consumption  and  Power  at  Full  Load — Ignition  Varied. 

Compression -Ratio  5.45:  1. 

Air  Standanl  Efficiency  49.4  per  cent. 

^wei— Alcohol  and  Ether,  15  per  cent.     iS.G.  0.8055, 
Barometer  29.85in.     Ignition  Position  No.  0  =  26  deg.. early. 


Heat 

Torque  at 

Teniperature 

Fuel 

input 

3ft. 

rad. 

°C. 

consumption. 

65 

Kevs. 

W  = 

501b 

Igni- 

Unit vol.  Jpintj 

B.Th. 

per 
inin. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Us. 
per 

Nett 

Inlet 

Pint  per 

Spring 

weight 

Water 

hous- 

Engine 

tion 

Seconds   I.H.P. 

mill. 

balance 

(=vv) 

outlet 

ing 

room 

No. 

unit  vol  per  hr. 

(net) 

1 

2 

3 

4     1      5 

6 

7 

8 

9 

10            11 

12 

Petrol 

-A  " 

Volts 

1500 

14.3 

54. U 

23.6 

14.0 

1.5 

50.5 

09* 

Alcoh 

ol 

1481 

11.5 

38.5 

155.4'  37.0 

51.9 

13.0 

,, 

29.5       0.825 

1516 

11.5 

38.5 

155.41  37.8 

51 . 5 

13.2 

,. 

32.3    '  0.738 

., 

1483 

12.0 

38.0 

153.61  36.6 

55.0 

13.5 

^, 

35.8       0.687 

,, 

1485 

12.5 

37.  5 

151. 8i  36.2 

54.0 

14.0 

,, 

37.2       0.669 

,, 

1494 

13.7 

36.3 

147.5  35.4 

53.5 

13.8 

1.6 

38.4       0.662 

,, 

1486 

15.1 

34.9 

142.5  34.0 

52.0 

14.0 

2.0 

40.4    ■  0.654 

,, 

1504 

16.0 

34.0 

139. 3I  33.7 

51.5 

14.0 

15.0 

2.5 

41.0       0.652 

,, 

1495 

18.0 

32.0 

132.2  31.7 

48.5 

14.0 

3.0 

44.3       0.641 

,, 

1499 

20.3 

29.7 

124.0  29.9 

51.0 

14.0 

^^ 

47.1       0.639 

68t 

1500 

24.3 

25.7 

110.0 

26.5 

50.5 

14.0 

15.0 

3.0 

48.0       0.708^ 

c-j 

Remarks. — Friction  taken  to  be  5.2  lb. 
*  21.7  amps.  121.4  amps.  J  21  amps. 
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Series  III.     Test  Xo.    1. 

Consumption  and  Power — Full  Load— Fixed  Ignition. 

Compression-Ratio  5.45  :  I. 
Air  Standard  Efficiency  49.4  per  cent. 

-Fi<c?— Alcohol  95  Vol.  per  cent.      S.G.  0.8155. 
Barometer  30.45in.     Ignition  Position  No.   0  =  26  deg.  early. 


Heat 

Torque  at 

Temperature 

Fuel 

input 

.3ft. 

rad. 

°  C. 

consumption. 

65 

Revs. 

W  = 

50  lb. 

'Igni- 

Unit vol.  i  pint. 

B.Th. 

I.M.     Ind. 
E.P.    H.P. 

tion 
posi- 

Us. 

per 

per 
niin. 

Spring 

i  Nett 

Unlet 

Pint  per 

balance 

weight 

Water  hous- 

Engine 

tion 

Seconds 

I.H.P. 

min. 

(=w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

(net) 

1 

2 

1       3 

1 

4     j      5 

6 

7 

8 

9 

10 

11 

12 

Petrol 

"4" 

1 

Volts.. 

1500 

14.2 

59.0 

25.8 

15.3 

1.5 

50.1 

69*- 

AIco 

hoi 

1504 

11.1 

38.9 

154.5  38.0 

56.5 

:  16.5 

jj 

1.5 

32.1 

0.740 

69* 

1504 

10.8 

39.2 

155.5  38.3 

56.8 

i  16.5 

,, 

1.5 

30.8 

0.764 

1476 

11.1 

38.9 

154.5  37.3 

57.5 

16.3 

jj 

J, 

33.0 

0.732 

1501 

11.6 

38.4 

152.8  37.6 

,, 

,j 

,, 

34.4 

0.696 

68t 

1484 

12.8 

37.2 

148.6  36.1 

jj 

jj 

' 

36.4 

0.685 

1480 

14.0 

36.0 

144.3  34.9 

55.0 

16.8 

37.8 

0.682 

1504 

15.  5 

34.5 

139.1   34.2 

58.5 

»> 

39.1 

0.674 

1521 

16.3 

33.7 

136.2  34.01 

57.8 

.. 

39.6 

0.669 

1501 

18.2 

31.8 

128.6  31.9 

61.2 

16. 5; 

41.9 

0.675 

1496  ! 

20.2 

29.8 

122.6'  29.6 

53.0 

16.3 

16.3 

43.5 

0.700 

1512 

1 

22.0 

28.0 

116.3  28.8 

" 

■"     ' 

44.0 

0.710 

t 

Remarks. — Friction  test,  5.4  1b.;    temp.,  58°  C. 
to  get  to  speed,  owing  to  insufMcient  power. 


had  to  motor  for  a  long  time 


21.7  amps.        121.5  amps.        J  Slightly  unstable. 
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Series  III.     Test  No.   4. 

Consamption  and  Power — Full  Load — Fixed  Ignition. 

Compression- Ratio  5.45  :  1. 
Air  Standard  Efficiency  49.  4  per  cent. 

i^wei— Alcohol  and  Ether,  5  per  cent.      S.G.  0.813. 
Barometer  30.46in.     Ignition  Position  Xo.  0  =  26  deg.  early. 


Heat 

Torque  at 

Teniperat 

ure 

Fuel 

input 

3ft  ra 

d. 

"C. 

consumption. 

65 

Revs. 

W  =  50 

.21b. 

I.M. 

Ind. 
H.P. 

Igni- 

Unit  vc 

1.  J  pint 

B.Th. 
Us. 

per 

per 
min. 

Nett 

Inlet 

posi- 

Pint per 

Spring  |Weight 

Water 

hous- 

Eng'ne 

tion 

Seconds 

I.H.P. 

min. 

balance  I 

=  w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

(net) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Petrol 

".4  " 

Volts 

1500 

14.5 

58.0 

29.5 

23.0 

1.5 

49.5 

69» 

Alcoh 

ol 

1471 

11.2 

39.0 

154.5 

37.3 

54.0 

18.2 

23.0 

1.5 

31.8 

0.760 

1475 

11.6 

38.6 

153.3 

37.0 

56.0 

18.0 

1.5 

34.5 

0.705 

1491 

13.2 

37.0 

147.6 

36.1 

56.0 

18.2 

J, 

36.7 

0.680 

1480 

15.2 

35.0 

141.0 

34.2- 

54.3 

18.1 

„ 

39.4 

0.668 

1480 

18.2 

32.0 

130.3 

31.6 

53.5 

18.2 

24.0 

,  J 

42.5 

0.670 

1496 

20.6 

29.6 

122.0 

29.9 

53.5 

18.3 

,, 

44.6 

0.675 

1483 

22.7 

27.5 

114.6 

27.9 

53.0 

18.2 

" 

45.5 

0.709 

67 

Kemarks. — Friction  test,  5.4  Ih.;  temp.,  68°  C. 
•21.6  amps. 
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Series  III.     Test  No.   7. 

Consumption  and  Power — Full  Load — Fixed  Ignition. 

Compression -Ratio  5.45:  1. 

Air  Standard  Efficiency  49.4  per  cent. 

i-'Mc/— Alcohol  and  Ether,  10  per  cent.     S.G.  6.  810. 
Barometer  30.  19in.     Ignition  Position  No.  0  =  26  deg.  early. 


Heat 


Torque  at 

Temperature 

Fuel 

input 

3ft. 

pad. 

"  G. 

consumption. 

65 

Revs. 

AV  = 

50  1b. 

I  AI      Ind 

Igni- 
tion 

posi- 

Unit vol.  ipint 

B.Th. 

Us. 
per 

per 
min. 

Nett     E.P.    H.P. 

Inlet 

Pint  ToeT 

Spring 

weight 

Water 

hous- 

Engine 

tion 

Seconds 

I.H.P. 

min. 

balance 

(=w) 

outlet 

ing 

room 

No. 

imit  vol 

perhr. 

(net) 

1 

2 

3           4           5 

6 

7 

8 

9 

10 

11 

12 

Petrol 

".4  " 

Volts 

1500 

14.5 

65.0 

27.0 

17.0 

1.5 

49.8 

69* 

A  Icoh 

ol 

1515 

12.2 

37.8    152.0  37.3 

63.0 

15.  5 

17.0 

1.5 

.35.0       0.690 

69* 

1513 

14.5 

35.5    144.0  35.3 

56.0 

15.5 

,, 

1.5 

38.4       0.665 

1521 

15.8 

34.2    139.5  34.1 

52.0 

15.5 

^, 

,, 

40.2       0.657 

1502 

16.5 

33.5  jl37.0  33.3 

49.0 

15.8 

,, 

41.4       0.654 

1528 

20.4 

29.6  !l23.0  30.5 

52.0 

15.5 

,. 

44.3       0.657 

1503 

23.3 

26.7  '112.5  27.5 

51.0 

15.5 

" 

" 

46.3 

0.707 

66t 

Remarks. — Dynamometer  balance  checked.     Friction  test,  5.3  1b.;      temp.,  65°  C 
*  2 1 .  7  amps.  120.7  amps. 
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Skbies    [I[.     Test  Xo.    10. 

Consamption  and  Power — Full  Load — Fixed  Ignitiou. 

Compre>^ioii-Katio  .'t.io  :  1. 
Air  Standard  Efficiency  49.4  per  tent. 

Fuel — Alcohol  and  Ether,  15  per  cent.     S.G.  0.8055. 
Barometer  30.  16in.      Ignition  Po,->ition  No.  0  =  26  dep.  early. 


' 

1 

Heat 

Torque  at 

Temperat 

ure 

F 

Liel 

input 

3ft. 

rad. 

''C. 

consumption. 

65 

Revs. 

W  = 

50  1b. 

I.M. 
E.P. 

Ind. 

Igni- 
tion 

Unit  vo 

1.  J  pint 

B.Th. 
I's. 

per 
mill. 

Nett 

H.P. 

Inlet 

posi- 

Pint pei 

ppv 

Spring 

weight 

Waterhotis- 

Engine 

tion 

Seconds 

I.H.P. 

mill. 

balance 

(  =  w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

(net) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Petrol 

"A" 

Volts 

1500 

14.2 

50.0 

28.0 

20 . 0 

1.5 

51.9 

69* 

Alcoh 

ol 

1492 

11.8 

.38.2 

153.8 

37.1 

52.0 

16.0 

,, 

32.5 

0.746 

69* 

1515 

12.3 

37.7 

152.0 

37.2 

52.  a 

16.0 

20.5 

35.5 

0.681 

1505 

13.2 

36.8 

148.5 

36.2 

52.0 

16.0 

,, 

37.2 

0.668 

1499 

14.6 

35.4 

143.8 

34.8 

49.5 

16.3 

,, 

39.4 

0 .  656 

,. 

1482 

16.1 

33.9 

138.4 

33.2 

.50.5 

16.5 

„ 

42.3 

0.641 

1487 

18.5 

31.5 

130.0 

31.3 

51.8 

16.5 

20.1 

44.4 

0.647 

1491 

22.  2 

27.8 

117.0 

28.2 

51.8 

16.5 

" 

47.2 

0.676 

Remarks. — Friction  test,  5.31b.;    temp.,  60^  C.     Dj-namometer  balance  checked. 

♦21.7  amps. 
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Sebies  III.     Test  No.   3. 

Consumption  and  Power— Load  40  per  cent. — Ignition  Adjusted. 

Compression-Ratio  .j.45  :  1. 
Air  Standard  Efficiency  49.4  per  cent. 

Fuel — Alcohol  95  Vol.  per  cent.     S.G.  0. 8155. 
Barompter  30.  52in.      Iqnition  Posilinn  No.  0  =  26  dep.  early. 


Heat 

Toriiue  at 

Temperature 

Fuel     , 

input 

3ft/ 

rad. 

°C. 

consumption 

26 

Eevs. 

W  = 

20  1b. 

Igni- 

Unit vol.  J  pint 

B.Th. 

per 
rnin. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Us. 

per 

Nett 

Inlet 

Pint  per 

Spring 

weight 

Water[hovLS- 

Engine 

tion 

Seconds   I.H.P. 

min. 

balance 

(=  w) 

outlet 

ing 

room 

No. 

unit  vol  perhr. 

(net) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10             11 

12 

Petrol 

".4  " 

Volts 

1500 

5.3 

14.7 

73.5 

17.9 

55.0 

38.0 

22.3 

2.0 

111.5       0.451 

42* 

Alcoh 

ol 

1492 

4.3 

15.7 

76.7 

18.7 

53.6 

18.5 

^^ 

2.0 

65.5       0.735 

,, 

1492 

4.1 

15.9 

77.4 

18.8 

55.0 

18.0 

2.0 

58.4       0.820 

1493 

4.1 

15.9 

77.^ 

18.8 

56.0 

18.0 

,y 

2.0 

61.6       0.778 

1503 

4.2 

15.8 

77.1 

18.9 

57.8 

18.0 

2.0 

66.6       0.716 

1487 

4.7 

15.3 

75.3 

18.3 

57.4 

18.0 

,, 

2.4 

72.2       0.682 

1489 

5.2 

14.8 

73.6 

17.9 

57.0 

18.0 

24.3 

2.7 

74.5       0.675 

1482 

5.5 

14.5 

72.5 

17.5 

56.0 

18.0 

,, 

2.9 

76.5       0.672 

1482 

6.1 

13.9 

70.4    17.0 

56.5 

18.0 

J, 

3.2 

79.1       0.670 

1488 

7.3 

1   12.7 

66.4 

16.1 

57.5 

17.9 

" 

3.8 

81.7       0.684 

Remarks. — Friction  test,  6.21b.;  temp.,  68°  C. 
*  14  .  2  amps. 


280 


THK    INSTITUTION    OF   AUTOMOBILE    ENGINEERS 


Series  III.     Test  No.   fi. 

Consumption  and  Power — Load  40  per  cent. — Ignition  Adjusted. 

Compression-Ratio  5.45  :  1. 

Air  Standard  Efficiency  49.4  per  cent. 

J^Mc/— Alcohol  and  Ether,  5  per  cent.     S.G.  0.813. 
Barometer  .■?ii.44iii.      Ignition  Position  Xo.  0  =  26  deg.  early. 


Heat 

Torque  at 

Temperatiu-e 

Fuel 

input 

3ft. 

rad. 

^  C. 

consumption. 

26 

Revs. 

W  =  2 

0.2  1b. 

Igni- 

Unit vol.  i  pint 

B.Th. 

per 
inin. 

I.M.     Ind. 
E.P.  :  H.P. 

tion 
posi- 

Us. 
per 

Xett 

Inlet 

Pint  per 

Spring 

weight 

Water  hous- 

Engine 

tion 

Seconds 

LH.P. 

min. 

balance 

(=w) 

oiitlet 

ing 

room 

No. 

unit  vol 

per  hr. 

(net) 

1 

2 

3 

4 

5 

6 

7            8 

9 

10 

11 

12 

Petrol 

■'A  " 

Volts 

1500 

5.7 

49.0 

37.6 

21.0  :   2.0 

112.2 

42» 

Alcoh 

ol 

1507 

4.3 

15.9 

76.9 

18.8 

52.0 

16.9 

2.2 

55.6 

0.861 

1527 

4.3 

15.9 

76.9 

18.8 

53.5 

17.0 

57.8 

0.829 

1517 

4.4 

15.8 

76. 5 

18.9 

54.0 

17.0 

,, 

58.4 

0.816 

1531 

4.4 

15.8 

76.5 

18.9 

56.0 

17.5 

,, 

63.5 

0.750 

1525 

4.5 

15.7 

76.2 

18.8 

57.0 

17.6 

2.3 

69.9 

0.685 

1522 

4.8 

15.4 

75.1 

18.6 

57.5 

17.6 

2.5 

71.4 

0.678 

1530 

5.1 

15.1 

74.1 

18.4 

57.6 

17.6 

'   2.6 

72.5 

0.675 

1515 

5.  5 

14.7 

-•>   - 

17.9 

56.0 

17.5 

3.0 

75.4 

0.667 

1522 

6.1 

14.1 

71.6 

17.5 

65.0 

17.6 

3.5 

77.3 

0.665 

1515 

7.0 

13.2 

67.4 

16.6 

54.0 

17.5 

3.8 

80.2 

0.676 

1529 

7.2 

13.0 

66.7    16.5 

i 

54.0 

17.3 

8.8 

80.4 

0.679 

t 

Rem.^rks. — Friction  taken  as  6.0  lb. 

*  14.2  amps.  t  Slightly  unstable. 
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Series  III.     Test  Xi:).   9. 

Consumption  and  Power — Load  40  per  cent. — Ignition  Adjusted. 

Compression-Ratio  5.45  :  1. 
Air  Standard  Efficiency  49.4  per  cent. 

i^Mc/— Alcohol  and  Ether,  10  per  cent.     S.G.  0.810. 
Barometer  'MK-\n.      Ifpiitioti  Positioti  No.  0  =  26  deg.  early. 


Heat 

Torque  at 

Temperature 

Fuel 

input 

3ft. 

rad. 

°C. 

consumption. 

26 

Revs. 

W  = 

201b. 

Igni- 

Unit vol.  ^  pint 

B.Th. 

per 
min. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Us. 

Nett 

Inlet 

Pint  per 

per 

Spring 

weight 

Water  hous- 

Engine 

tion 

Seconds   I.H.P. 

min. 

balance 

(=w) 

outlet     ing 

room 

No. 

unit  vol  per  hr. 

(net) 

1 

2 

3           4 

5 

6            7 

8 

9 

10             11 

12 

Petrol 

".4  " 

Volts 

1500 

5.0 

■   15.0 

74.0 

61.4     37.9 

18.0 

2.5 

113.7 

42* 

Alcoh 

ol 

15.31 

4.3 

15.7 

76.6 

19.0 

51.5     16.0 

2.4 

57.7       0.821 

1514 

4.2 

15.8 

77.0 

18.5 

53.7      16.1 

2.4 

6-2.8       0.775 

1520 

4.1 

15.9 

77.3 

19.0 

54.8     16.5 

,, 

68.8       0.689 

1516 

4.2 

15.8 

77.0 

18.9 

55.0     16.7 

., 

70.3       0.677 

1506 

4.5 

15.5 

75.9 

18.5 

55.2      16.6 

2.6 

72.8       0.668 

]  520 

5.1 

14.9 

73.8 

18.1 

55.2     16.5 

2.8 

76.7       0.649 

1515 

5.8 

14.2 

71.4 

17.5 

55.0      16.5 

3.5 

79.6       0.646 

1512 

6.8 

13.2 

67.8 

16.6 

55.0      16.3 

20.1 

3.8 

82.2       0.660 

151.3 

8.5 

11.5 

61.8 

15.1 

49.0      16.8 

3.8 

85.8       0.694 

Remarks. 


-Dynamometer  balance  checked.    Friction  assumed  at  6.  0  lb.  =  21 .  3  lb. 
M.E.P. 


*  14.  2  amps. 
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Series  III.      Test  No.    12. 

Consumption  and  Powert — Load  40  per  cent. — Ignition  Varied. 

Compression-Ratio  5.45  :  1. 

^iir  Standard  Efficienr.y  49.  4  per  cent. 

Fuel — Alcohol  and  Ether,  15  per  cent.     S.G.  0.8055. 
Barometer  29.97in.      h/nition  Position  No.  0  =  26  deg.  early. 


Heat 

Torque  at 

Temperat 

lire 

Fuel 

input 

3ft. 

rad. 

°C. 

consumption. 

26 

Revs. 

W  = 

201b. 

I.M. 
E.P. 

Ind. 
H.P. 

Igni- 
tion 
posi- 

Unit vol.  i  pint 

B.Th. 
Us. 
per 

per 
min. 

Nett 

Inlet 

Pint  per 

Spring 

weight 

Water  hous- 

Engine 

tion 

Seconds  I.H.P. 

min. 

balance 

(=  w) 

ontlet 

ing 

room 

No. 

unit  vol  per  hr. 

(net) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10            11 

12 

Petrol 

"A" 

^'olts 

1500 

5.0 

58.9 

37.6 

18.6 

2.0 

108.8 

42* 

Alcoh 

ol 

1528 

4.4 

15.6 

77.1 

18.9 

55.3 

15.2 

,, 

2.0 

62.2       0.765 

1494 

4.4 

15.6 

77.1 

18.5 

55.0 

15.0 

2.0 

58.5 

0.819 

1531 

4.3 

15.7 

77.4 

19.1 

55.6 

15.2 

,^ 

2.0 

66.6 

0.706 

1528 

4.3 

15.7 

77.4 

19.0 

56.0 

15.2 

2.0 

65.8 

0.719 

1518 

4.3 

15.7 

77.4 

18.9 

57.0 

15.5 

2.0 

71.8 

0.664 

1516 

4.5 

15.5 

76.7 

18.7 

57.0 

15.5 

2.2 

74.3 

0.649 

1520 

4.7 

15.3 

76.0 

18.6 

57.5 

15.5 

2.5 

75.0 

0.646 

1511 

6.3 

13.7 

70.4 

17.1 

53.5 

15.2 

3.0 

83.6       0.630 

1506 

6.7 

13.3 

68.9 

16.7 

53.0 

15.3 

3.0 

84.0       0.645 

1504 

6.0 

14.0 

71.8 

17.3 

54.0 

15.5 

3.8 

82.2       0.633 

1496 

7.1 

12.9 

67.5 

16.2 

53.0 

16.0 

3.8 

86.3 

0.644 

Remarks. — f  40  per  cent  heat.     Dynamometer  balance  checked.     Friction  taken 
3  6.11b. 


14.  2  amps. 
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Series   III.      Test  No.    L'. 

Consumption  and  Power — Load  40  per  cent. — Fixed  Ignition. 

Compression-Ratio  5.45  :  1. 

Air  Standard  Efficiency  49.4  per  cent. 

Fuel~Alcoho\,  95  Vol.  per  cent.     S.G.  0. 8155. 
Barometer  30.53in.     Ignition  Position  No.  0  =  26  deg.  early. 


Revs, 
per 


Torqne  at 

3ft.  rad. 

W  =  20.  2  lb. 


Temperature 
°C. 


Spring 
balance 


Nett 
weight 
(=w) 


I.M. 
E.P. 


Ind. 
H.P. 


Igni- 
tion 


Inlet  posi- 

Water  hous-'Engine   tion  Secondsj  I. H.P, 
outlet     ing   j  room     No.    unit  voli  per  hr 


Heat 

Fuel  j  input 

consumption.    1      26 
Unit  vol.  i  pint  I  B.Th. 

Us. 

Pint  per  per 
min. 
(net) 


1 


10 


11 


1: 


Petrol  "A" 
1523  4.8 
Alcoh'ol 


1504 
1501 
1528 
1523 
1518 
1526 
1529 
1516 
1524 
1495 
1505 
1519 
1505 
1502 


4.8 
5.4 
4.3 
4.3 
4.4 
4.7 
5.5 
6.1 
6.7 
8.1 
9.3 
10.6 
4.1 
4.2 


15.4 

75.  7 

15.4 

75.  7 

14.8 

73.6 

15.9 

77.4 

15.9 

77.4 

15.8 

77.1 

15.  5 

76.0 

14.7 

73.2 

14.1 

71.2 

13.5 

69.1 

12.1 

64.2 

10.9 

60.0 

9.6 

55.5 

16.1 

78.0 

16.0 

77.6 

18.6     58.0 


18.4 

17. 8i 

19.1 

19.1 

18.9 

18.7 

18.1 

17.4 

17.0 

15.5 

14.5! 

13.5 

19.1 

19.0 


68.0 
55.0 
58.2 
59.3 
59.3 
59.5 
58.3 
57.0 
56.5 
57.3 
56.8 
56.8 
56.0 
57.1 


36.5 

17.3 
17.0 
17.0 
17.2 
17.3 
17.5 
17.2 
17.2 
17.2 
17.2 
17.3 
17.4 
17.3 
17.3' 


18.3      2.0      109.6 


1!».(> 


2.0 
2.0 


72.5 
73.9 
68.5 
68.9 
69.6 
70.5 
73.3 
75.2 
76.4 
80.3 
82.3 
82.8 
62.8 
57.8 


0.442 

0.675 
0.684 
0.688 
0.684 
0.684 
0.683 
0.678 
0.688 
0.693 
0.723 
0.754 
0.805 
0.750 
0.821 


A'olts 
42* 


Remarks.— Throttle  closed  slightly  after  taking  readings  on  petrol  "'  A  "  in  order 
to  bring  power  to  40  per  cent  of  brake  load  at  full  throttle.  Friction  test  (throttled), 
6.2  1b.;    temp.  =  69°  C. 

*  14.  2  amps. 
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Series   III.     Test  No.    5. 

Consumption  and  Power — Load  40  per  cent. — Fixed  Ignition. 

Compression-Ratio  5.45  :  1. 
Air  Standard  Efficiency  49.4  per  cent. 

i^ue/— Alcohol  and  Ether,  5  per  cent.     S.G.  0.813. 
Barometer  30.44in.     Ignition  Position  No.  0  =  26  deg.  early. 


Heat 

Torque  at 

Temperature 

Fuel 

input 

■  3ft.  rad. 

°C. 

consumption. 

26 

Revs. 

W  =  20.21b. 

Igni- 

Unit vol.  J  pint 

B.Th. 

per 
min. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

Us. 
per 

Nett 

Inlet  1 

Pint  per 

Spring  weight 

Water 

hovis- Engine 

tion 

Seconds   I. H.P. 

min. 

balance  (=  w) 

outlet 

ing      room 

No. 

unit  vol  per  hr. 

(net) 

1 

2              3 

4     j      5 

6 

7            8 

9 

10             11 

12 

Petrol 

".4  " 

Volts 

1505 

5.3 

56.5 

41.8     21.9 

2.0 

103.5 

42* 

Alroh 

ol 

1525 

4.3         15.9 

77.4 

19.3 

63.0 

17.0     21.8 

2.0 

63.5 

0.735 

1511 

4.5         15.7 

76.7 

19.0 

59.0 

17.0 

58.1 

0.820 

1525 

4.3         15.9 

77.4 

19.2 

60.5 

17.6 

65.2 

0.719 

1512 

4.9         15.3 

75.3 

18.6 

57.5 

17.7 

72.4 

0.669 

1511 

5.4         14.8 

73.5 

18.2 

56.0 

17.6 

74.3 

0.666 

1515 

6.3         13.9 

70.4 

17.4 

55.0 

17.5 

76.9 

0.675 

1520 

7.7         12.5 

65.5 

16.2 

53.5 

17.5 

80.2 

0.695 

1506 

8.9         11.3 

61.3 

15.1 

58.0 

17.5 

83.5 

0.717 

1510 

10.2         10.0 

56.7 

14.0 

58.3 

17.3 

84.9 

0.761 

t 

*  14.  2  amps. 


Remakes. — Friction  taken  as  6.2  lb. 
t  Slightly  unstable.     Popping  back  when  weakened. 


EMPIRE    MOTOR    FUELS    COMMITTEE    REPORT 


235 


Series  III.     Test  Xo.   8. 

Consumption  and  Power — Load  40  per  cent. — Fixed  Ignition. 

Compression -Ratio  5.45:  1. 

Air  Standard  Efficiency  49.4  per  cent. 

Fuel— Alcohol  and  Ether,  10  per  cent.     S.G.  0.810. 
Barometer  30. 19in.     Ignition  Position  No.  0  =  26  deg.  early. 


Rev.,, 
per 


Torque  at 

3ft.  rad. 

W  =  20  lb. 

Xett 
Spring  weight 
balance  (=  w) 


I.M. 
E.P. 


Ind. 
H.P. 


Heat 
Temperature  Fuel  input 

^  C.  consumption.         26 

Igni-   Unit  vol.  ipint    B.Th. 

tion  — 

posi- 


Inlet  posi-  Pint  per 

Water  hous- Engine   tion.  Seconds'  I.H.P. 
outlet     ing      room  ,  No.  unit  vol  per  hr. 


U.S. 

per 
inin. 
(net) 


9 


10 


11 


Petrol    ".4 


1508 

Alcoh 

1524 

1541 

1531 

1522 

1516 

1533 

1506 

1518 

1515 

1510 


ol 


4.9 


4. 
4. 
4. 
4. 
4. 
4. 
5. 
6. 
8. 
10. 


77.3 

18.9 

78.0 

19.3 

78.0 

19.1 

76.9 

18.8' 

76.6 

18.6 

75.1 

18.5 

72.0 

17.7 

68.0 

16.6 

61.3 

14.9 

55.5 

13.6 

60.2     37.9     17.0      2.0      103.4 


oo.  o 
57.2 
59.0 
59.0 
58.0 
58.5 
56.5 
58.3 
59.0 
58.0 


15.8 
15.8 
15.8 
16.0 
16.0 
16.0 
16.2 
16.2 
16.2 
16.1 


17.9 


58 

3 

0.816 

62 

8 

0.743 

69 

0 

0.683 

71 

9 

0.666 

72 

8 

0.664 

73 

8 

0.6.59 

77 

9 

0.652 

81 

1 

0.668 

84 

9 

0.712 

86 

4 

0.765 

12 


Volts 
42* 


t 


Remarks. — Dynamometer  balance  checked.    Friction  test,  5.95  1b.;   temp.,  08.8^  C. 
•  14.2  amps.         t  Unstable.    Popped  back  when  weakened. 
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Sekiks   III.      Test   N'o.    11. 

Consumption  and  Power — Load  40  per  cent. — Fixed  Ignition. 

Compression-Ratio  0.4.5  :  1. 
.4/7"  Standard  Efficiency  49.4  per  cent. 

Fuel — Alcohol  and  Ether,  15  per  cent.     S.G.  u.  805.5. 
Barometer  30.05in.      Ignition  Position  No.  0  =  2(5  cleg,  early. 


Heat 

Torq 

ue  at 

Temperature 

Fuel 

input 

3ft. 

rad. 

"C. 

consumption. 

26 

Revs. 

W  = 

20  1b. 

I  AI      liul 

Igni- 
tion 
posi- 

Unit vol.  ipint 

B.Th. 
Us. 
per 

per 
min. 

Nett 

E.P.    H.l'.                  Inlet! 

Pint  per 

Spring 

weight.                          Water  hous - 

Engine 

tion 

Seconds   I.H.P. 

min. 

balance 

(=w)j                        outlet 

ing 

room 

No. 

unit  vol  per  hr. 

(net) 

1 

2 

3      j      4     i      5            6 

7 

8 

9 

10 

11 

12 

Petrol 

".4  " 

Volts 

1508 

5.6 

47.0 

38.5 

17.0 

1.5 

112.4 

42* 

Aleoh 

ol 

1522 

4.3 

15.7 

77.3    18. 9i   46.0 

14.0 

57.2 

0.833 

1536 

4.2 

15.8 

77.6 

19.2     52.5 

14.2 

61.6 

0.761 

1530 

4.2 

15.8 

77.6 

19.1     52.6 

14.4 

60.4 

0.781 

1521 

4.2 

15.8  !  77.6 

19.0     54.8 

14.7 

62.2 

0.763 

1513 

4.2 

15.8     77.61  18.9     55.0 

14.8 

64.4 

0.741 

1512 

4.3 

15.7     77.3! 18.8    55.8 

15.0 

69.4 

0.689 

1525 

4.4 

15.6  1  76.9 

18.91   56.8 

15.1 

70.7 

0.674 

1516 

4.9 

15.1 

75.1 

18.4     56.5 

15.2 

74.1 

0.661 

1521 

5.6 

14.4 

72.7 

17.8'   56.0 

15.0 

77.2 

0.656 

1518 

6.4 

13.6 

69.9 

17.1  ;   54.7 

15.0 

79.7 

0.660 

1520 

7.3 

12.7 

66.7 

16.3     53.5 

15.0 

82.1 

0.673 

1529 

8.2 

11.8 

63.5 

15.6     53.0 

15.0 

18.0 

84.2 

0.686 

1511 

9.6 

10.4 

58.5 

14.2;   52.2 

15.0!      „      1 

86.7 

0.721 

t 

1520 

10.8 

9.2 

1 

54.3 

13. 3|   51.0 

15. Oj 

" 

88.3 

0.766 

•t- 
+ 

I\EM.\KKS. — Dynamometer  balance  checked.     Friction  test,  6.11b.;    temp.,   63°  C. 
*  14.2  amps.  t  Slightly  unstable.  X  Unstable. 
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LEYLAXD  KXOIXR. 

JSeriks  IV.     Test  No.    1. 

Consumption  and  Power  at  Full  Load. 

Fuel — Petrol  "  A."     S.G.   0.785. 
Barometer   29.97in. 

Note. — Throughout  the  following  tests  on  the  Lej'land  lorry  engine,  the  expan- 
sion-ratio was  4.2-i  :  1  ;  the  ignition  position  was  fixed,  45  deg.  early  ;  and  the  air 
standard  efficiency  was  taken  as  44  per  cent. 


Revs. 

per 


Torque  at 

3ft.  rad.  I.M. 

W  =--  64  lb.       E.P., 

j   lb. 

Nett      per 


Spring 
balance 


weight;   sq. 
(=w)     in. 


Ind. 
H.P. 


Temperature 

Igui- 

tion 

Inlet  j  ;  posi- 

hous-Enginej  tion 
ing      room  j  Xo. 


Water 
outlet 


Fuel 
consumption. 
Unit  vol.  J  pint  ,  Heat 

1  input 

Piniperi  (1500 
Seconds  I.H.P.  j  watts) 
unit  vol  per  hr. 


1000 

18.1 

45.9 

84.4 

34.0 

1010 

17.4 

46.6 

85.4 

34.7 

1000 

17.1 

46.9 

85.8 

34.5 

995 

17.1 

46.9 

85.8 

34.4 

1000 

16.8 

47.2 

86.2 

34.7 

1000 

15.5 

48.5 

88.1 

35.5 

1000 

15.4 

48.6 

88.2 

35.5 

1005 

17.4 

46.6 

85.4 

34.5 

1000 

20.3 

43.7 

81.3 

32.7 

1010 

24.6 

39.4 

75.2 

30.6 

moto 

970 

13.5 

1030 

13.7 

65.0 
65.5 
67.0 
67.0 
66.5 
65.3 
65.3 
62.3 
64.5 
63.5 
I  ring  ho 


8 


10 


11 


21.3   4 

5 

21.3 

21.3 

21.7 

21.5 

21.5 

22.0 

21.8 

22.0 

22.0 

! 

31.3 
27.6 
30.0 
33.8 
37.5 
42.0 
46.2 
50.0 
54.0 
56.0 


0.846 
0.940 
0.870 
0.774 
0.692 
0.604 
0.549 
0.522 
0.510 
0.525 


12 


Volts 
100* 


Remakks. — Water  temp.,    61/71''   C.    after   motoi-ing.      Friction,    13.6  =■  19.5 
I.M.E.P. 

*  15  amps.  t  Very  occasional  missing. 
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LEYLAND   ENGINE. 

Series   IV.     Test  Xo.   2. 

Consumption  and  Power  at  Full  Load. 

J't/e/— Alcohol  95  Vol.  per  cent.     S.G.  0.8155. 
Barometer  SO.OTin. 


Toi-que  at 

Tempera  t 

vire 

Fuel 

3ft.  rad. 

I.M. 

°  C. 

consumption. 

Revs. 

W  =  64  lb. 

E.P.. 

Igni- 

Unit vol.  J  pint 

Heat 

lb. 

lad. 

tion 

input 

per 

mill. 

Xett 

per 

H.P. 

Inlet 

posi- 

Pint per 

(1.500 

Spring 

weight 

sq. 

Water  hous- 

Engine 

tion 

Seconds  I.H.P. 

watts ) 

balance 

(=w) 

in. 

outlet 

ing 

room 

No. 

unit  vol  per  hr. 

1 

- 

3 

4 

5 

6 

7 

8 

9 

10             11 

12 

Petrol 

".4  " 

Volts 

1000 

1(3.8 

47.2 

59.5 

24.2 

33.7    j 

100* 

Alcoh 

<il 

1000 

12.4 

51.6 

90.8 

36.6 

62.0 

24.3 

4.5 

20.5       1.199 

t 

1000 

1:5.0 

51.0 

90.0 

36.2 

62.4 

24.5 

,, 

22.2       1.12 

1010 

14.3 

49.5 

87.8 

35.7 

62.6 

24.8 

22.6    ';   1.113 

1000 

15.1 

48.9 

87.0 

35.0 

63.0 

24.8 

,, 

25.0    1    1.024 

1000 

16.8 

47.2 

84.6 

34.1 

62.0 

24.8 

,, 

27.6       0.957 

1000 

18.8 

45.2 

81.8 

33.0 

64.(1 

24.6 

29.6    1   0.920 

1000 

19.9 

44.1 

80.2 

32.3 

64.0 

24.7 

,, 

31.5    1   0.885 

+ 
+ 

1000 

23.5 

40.5 

75.1 

.30.3 

64.5 

24.7 

" 

31.9       0.932 

§ 

Remarks. — Friction,    12.5  1b. 


*  15  amps.  t  Occasionally  niissing.  %  Slightly  unstable, 

missing  ami  popping  back. 


17.8   F.M.E.P.;     water   temp.,    86.5°   C. 

§  Very  unstable, 
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J.EYLAXD    ENGINE. 

Series  IV.     Test  No.   3. 

Consuaiption  and  Power  at  Full  Load. 

Fud — Alcohol  95  Vol.  per  cent  and  Ether  5  per  cent.     S.G.  0. 
Barometer  30.(;7iu. 


Torque  at 

Temperat 

ure 

Fuel 

3ft.  rad. 

"C. 

consumption. 

Revs. 

W  =  64  lb. 

I.M. 
E.P. 

Ind. 
H.P. 

Igni- 
tion 
posi- 

Unit vo 

.  J  pint 

Heat 

input, 

1500 

per 
min. 

Nett 

Inlet 

Pint  per 

Spring    weight 

Water  houa- 

Engine 

tion 

Seconds 

I.H.P. 

watts 

balance  (=  w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

1 

2              3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Petrol 

".4  " 

Volts 

1000 

16.5       47.5 

62.0 

23.8 

4.5 

32.8 

95* 

Alcoh 

ol  Ether  Mixtti 

re 

1010 

12.8 

51.2 

90.3 

36.8 

61.5 

24.3 

,, 

20.6 

1.187 

t 

1010 

13.2 

50.8 

89.7 

36.5 

63.5 

24.8 

,, 

22.0 

1.120 

1000 

13.9 

50.1 

88.8 

35.7 

63.5 

25.0 

23.4 

1.077 

lOOJ 

1010 

15.4 

48.6 

86.5 

35.3 

63.5 

25.0 

25.5 

1.000 

1015 

16.3 

47.7 

85.3 

35.0 

62.5 

25.0 

26.7 

0.962 

1000 

17.5 

46.5 

83.6 

33.7 

61.5 

25.0 

29.3 

0.912 

1000 

20.0 

44.0 

80.1 

32.3 

65.5 

25.0 

31.7 

0.880 

t 

Remarks.— Friction,  12.51b.  =  17.8  M.E.P.^     iemp.,  85. S''  C. 
*  14  amps.  t  Occasional  mis.'^ing.  J  1  5  amps. 
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THE   INSTITUTION    OF   AUTOMOBILE   ENGINEERS 


LEYLAXD    ENGINE. 

Series  IV.     Test  No.  4. 

Consumption  and  Power  at  Full  Load. 

f"t(cZ— Alcohol  95  Vol.  per  cent  and  Ether  10  per  cent.      S.G.  0.810. 
Barometer  30.06in. 


Torq 

ue  at 

Temperati 

re 

Fuel 

3ft. 

rad. 

°C. 

consumption. 

Revs. 

W  = 

641b. 

Igni- 

Unit vol.  I  pint 

Heat 

per 

T    Ar          Tr,.^ 

tion 

input. 

J-.-IA.              XU.V4. 

min. 

Nett     E.P.    H.P. 

Inlet 

posi- 

Pint per 

1500 

Spring 

weight 

Water  hous- 

Engine 

tion 

Seconds 

LH.P. 

watts 

balance 

(=w) 

outlet 

ing 

rooin 

No. 

unit  vol 

per  hr. 

1 

2 

3            4           5 

6 

7 

8           9 

10      1       11 

12 

Petrol 

"A  " 

i 

Volts 

995 

17.4 

46.6 

68.0 

25.3 

4.5 

33.7    1 

100* 

Alcoh 

ol  Ether 

Mixtu 

re 

1 

1000 

13.5 

50.5 

90.0    36.3 

59.0 

25.2 

jj 

19.6 

1.265 

t 

1000 

13.7 

50.3 

89.2    36.0 

62.6 

25.4 

21.5 

1.161 

+ 
4 

1000 

14.2 

49.8 

88.5    35.7 

64.5 

25.6 

22.5 

1.120 

990 

15.7 

48.3 

86.4    34.5 

,, 

25.9 

1.006 

1010 

16.5 

47.5 

85.2    34.2 

.J 

,, 

26.1 

1.008 

1000 

17.2 

46.8 

84.3    34.0 

63.5 

25.7 

29.0 

0.913 

995 

19.8 

44.2 

80.6    32.3 

61.5 

26.0 

31.6 

0.883 

995 

24.5 

39.5 

74.0    29.6 

60.0 

26.0 

32.9       0.956 

§ 

Remarks. — Friction  test,  12.7  lb.  =  18. 1  lb.  F.M.E.P. 

•  13  amps,     t  Occasional  missing,      j  Very  occasional  missing.     §  Slightly  unstable 

and  missing. 


EMPIRE    MOTOR   FUELS   COMMITTEE   REPORT 


291 


LKYLAXD    ENGINE. 

Series  IV.     Test  No.  5. 

Cossumption  and  Power  at  Full  Load. 

Full— Alcohol  95  Vol.  per  cent  and  Ether  15  per  cent.     S.O.  0.8055. 
Barometer  30.06in. 


Kemahks.— Friction   lest,    12.7  1b.  =  18.11b.   F.M.E.P.;    temp.,   76.5°  C. 
*  15  amps.  t  Unstable. 


u  2 
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THK    INSTITLTIOX   OF    AUTOMOBILE    ENGINEERS 


LEYLAND   ENGINE. 

Series  V.     Test  No.    1. 

Consumption  and  Power  at  Half  Load. 

i'^eZ— Petrol  •"A."     S.G.   0.7S5. 
Barometer  30 .  Ooin. 


Torque  at 


Temperatiire 


Fuel 


3ft. 

rad. 

"C. 

consumption. 

Revs. 

W  = 

401b. 

Igni- 

'•  Unit  vol.  J  pint.   Heat 

per 

I.M.     Ind.   ^— 

tion 

j^ input. 

mm. 

Nett 

E.P.    H.P. 

Inlet 

posi- 

jPintper    1060 

Spring 

weight 

Water 

hous- 

Engine  tion 

Seconds   I.H.P.     watts 

balance 

(=w) 

outlet 

ing 

room     No. 

junit  vol  i  per  hr. 

1 

2 

3 

4    j    5    ;     6 

7 

8           9 

10             11            12 

Volts 

1000 

13.1 

26.9 

57.0    22.6     57.5 

21.0 

37.6       1.059      84.5* 

1000 

11.4 

28.6 

59.4    23.61  55.0 

21.0 

;     40.8       0.935 

1000 

11.4 

28.6 

59.4    23.6     55.0 

21.4 

I    46.0       0.829 

1000 

10.9 

29.1 

60.2    23.9     61.0 

— 

51.9    i   0.725 

1000 

9.8 

30.2 

61.7    24.5:   63.7 

21.5 

59.3    1   0.620 

1012 

12.1 

27.9 

58.4    23.5     62.3 

21.5  I 

71.2    1   0.538 

1010 

17.0 

23.0 

51.3    20.6     59.0 

21.6  ! 

77.2       0.566  ,       t 

Remaeks.— Friction,   12.7  1b.  =  18.1  F.M.E.P.;    water,   72.5^  C. 
*  12.5  amps.  t  Occasional  mi.ssini;. 
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LEYLAND    ENGINE. 

Sebies  V.     Test  No.   2. 

CoDsiimption  and  Power  at  Half  Load. 

F'ud — Alcohol  95  Vol.  per  cent.     S.G.  0.8155. 
Barometer  30.05in. 


Torque  at 

Temperature 

Fuel 

3ft. 

rad. 

"C. 

consumption. 

Revs. 

W  = 

40  lb. 

Igni- 

Unit vol.  ipint 

Heat 

per 

I.M. 

Ind. 



tion 

input. 

min. 

Xett 

E.P. 

H.P. 

Inlet 

posi- 

Pint per 

1060 

Spring 

weight 

Water  ho\is- 

Engine 

tion 

Seconds 

I.H.P. 

watts 

balance 

(=w) 

outlet 

ing 

room 

No. 

unit  vol 

per  hr. 

1 

2 

3 

4 

5 

6 

- 

8 

9 

10 

11 

12 

Petrol 

",4  "' 

Volts 

1000 

11.6 

28.4 

59.6 

23.9 

01.0 

19.0 

4.5 

49.7 

0.758 

84.5* 

Alcoh  ol 

1005 

11.4 

28.6 

59.4 

24.1 

61.0 

19.0 

,j 

33.0 

1.132 

t 

1000 

11.2 

28.8 

59.7 

24.1 

59.2 

18.6 

jj 

34.8 

1.074 

+ 

+ 

1000 

12.5 

27.5 

57.8 

23.4 

58.8 

18.5 

j^ 

37.5 

1.026 

§ 

1000 

14.0 

26.0 

55.7 

22.  5 

58.8 

18.7 

J, 

39.7 

1.008 

11 

1010 

16.0 

24.0 

52.9 

21.4 

59.5 

1   18.7 

! 

41.2 

1.021 

:[ 

Remarks. — Friction,  13.41b.  =  18.9F.M.E.P. 

•  12.5  amps,     t  Very  occasional  n:iissing.     J  Steady,  no  missing.     §  Very  occaeioaal 
flutter  in  exhaust:      ]|  Missing.     ^  Popping  back. 
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LEYLAXD    ENGINE. 

Series  V.     Test  No;  3. 
Consumption  and  Power  at  Half  Load. 

Fuel— Alcohol  95  Vol.  per  cent  and  Ether  5  per  cenife.      S.O.  0. 3K 
Barometer  30.05in. 


1       Torq 

Lie  at 

Temperature 

Fuel 

Sifc. 

rad. 

^C. 

consumption. 

Revs. 

w  = 

40Ib. 

Igni- 

Unit vol.  i  pint 

Heat 

per 

I.M. 

Ind. 

tion 

input, 

mill. 

Nett 

E.P. 

H.P. 

Inlet 

posi- 

Pint per 

1060 

Spring 

weight 

Water  1  hous-  Engine 

tion 

Seconds  I.H.P. 

watts 

balance 

(=w) 

outlet 

ing      room 

No. 

unit  vol  per  hr. 

1     !       2 

3 

4     i       5 

G 

7            8 

9 

10            11 

12 

Petrol  "A  " 

i 

Volt3 

1000       11.6 

28.5 

69.8    23.9 

64.0 

19.0 

4.5 

45.4    !  0.829 

84.5* 

Alcohol 

! 

1005  i     10.7 

29.3 

60.4    24.5 

63.5 

18.5 

,, 

32.8       1.120 

t 

1000  j    10.6 

29.4 

60.5    24.5 

62.3 

18.7 

,, 

35.0       1.0.50 

1010  j     11.3 

28.7 

59.5    24.3 

62.8 

36.9    1    1.004 

t 

1010       13.1 

26.9 

57.0    23.2 

61.8 

19.0 

,j 

39.8       0.975 

§ 

1015       13.9 

26.2 

66.0    22.8 

61.0 

19.0 

yy 

41.5       0.951 

II 

1000       16.6 

23.4 

52.0    21.0 

59.9 

19.0 

1 

43.5    !   0.986 

^ 

Remabks. — Friction,  13.4  lb.;     water  temp.,  73.5"  C. 

*i2.5  amps,      t  Occasional  missing.      J  Very  occasional  missing.     §  Steady.      J  Very 
occasional  popping  back.     *^[  Missing  and  popping  back. 
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LEYLAND    ENGINE. 

Series  V.     Test  No.   4. 

Consumption  and  Power  at  Half  Load. 

Fuel — Alcohol  95  Vol.  per  cent  and  Ether  10  per  cent. 
Barometer  SO.Ooin. 


S.G.   0.810. 


Torque  at 

Temperature 

Fuel 

3ft.  rad. 

"C. 

consumption. 

Revs.      W  =  401b. 

Igni- 

Unit vol.  i  pint 

Heat 

nr-i-                                            T  i\T 

Ind. 

tion 

input. 

pel    1 

1     -^•-^'■^« 

mm. 

Nett     E.P.    H.P. 

Inlet 

posi- 

Pint per 

1060 

i  Spring 

weight 

AVaterihous- 

Engine 

tion 

Seconds 

I.H.P. 

watts 

'  balance 

(=W)| 

outlet 

ing 

room 

No. 

unit  vol 

perhr. 

1     j        2 

3           4           5 

6 

' 

8 

9 

10 

11 

12 

Petrol  "A" 

! 

Volts 

1000       11.7 

28.3     59.4 

23.8 

59.8 

18.2 

4.5 

44.3 

0.854 

84.5* 

Alcohol- 

1 

1000        11.2 

28.8  1  59.6 

24.1 

67.5 

19.6 

32.7 

1.142 

t 

1000        10.9 

29.1     60.1 

24.3 

64.2 

20.0 

34.5 

1.074 

t 

1010       11.3 

28.7     59.5 

24.1 

64.0 

20.1 

36.9 

1.012 

t 

1000       11.8 

28.2  ;  58.8 

23.8 

64.5 

,, 

>> 

39.8 

0.950 

I 

1010       13.3 

26.7     56.7 

22.9 

63.0 

20.0 

41.8    1  0.940 

t 

1010  i     16.3 

23.7  1  52.4 

21.2 

61.5 

" 

45.6 

0.931 

§ 

Remarks. — Friction  as  per  Test  No.  3  =  13.41b. 
*  12.5  amps,     f  Occasional  missing,     j  Steady.     §  Occasional  fluttering  in  exhauafi. 
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LEYLAXD    ENGINE. 

Series  V.     Test  Xo.   5. 

Consumption  and  Power  at  Half  Load. 

Fuel — Alcohol  95  Vol.  per  cent  and  Ether  15  per  cent. 

Barometer   30.05iii. 


S.G.   0.8055. 


Torque  at 

Teinioerat 

ure        1 

Fuel 

3ft. 

rad. 

"C. 

1 

consumption. 

Revs.      W  = 

40  lb. 

'  Igni- 

Unit  vol.  J  pint 

Heat 

per    — — 

I.M.     Ind. 

tion 

input. 

inin. 

Xett     E.P.    H.P. 

Inlet 

posi- 

Pint  per 

1060 

Spring 

weight 

Water 

hous- 

Engine tion 

Seconds 

I.H.P. 

watts 

.  balance 

(=w) 

outlet 

ing 

room     No. 

unit  vol 

per  hr. 

1 
1             2 

3           4           5 

6 

7 

S            9 

10             11 

12 

Petrol   ".4  " 

Volts 

995 

12.3 

27.7     58.9 

23.3 

59.7 

20.8      4.5 

42.7 

0.905 

84.5* 

Alcoh 

ol 

-J  000 

11.0 

29.0     59.9 

24.2 

64.0 

21.0 

33.3        1.117 

t 

1000 

10.9 

29.1     60.1 

24.3 

64.4 

21.0 

36.5 

1.015 

1000 

11.2 

28.8     59.6 

24.1 

65.0 

21.0 

39.5 

0.946 

+ 

1000 

12.7 

27.3     57.5 

23.2 

64.0 

21.0 

41.4 

0.937 

1000 

16.4 

23.6     52.3 

21.1 

62.0 

21.0 

46.6 

0.915 

§ 

1000 

19.1 

20.9  \  48.5 

19.6 

59.2 

21.0  ,     „ 

48.9 

0.939 

.1 

Remarks. — Friction  as  per  Test  No.  3,  13.4  lb. 

♦12.5   amps.      |  Steady  ;     miss   if   richer.      J  Steady.      §  Very   occasional   missing. 

,1  Miss  badly. 
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LEYLAXD    ENCJINE. 

Series  V.     Test  No.   6. 

Consumption  and  Power  at  Quarter  Load. 

J'weZ— Petrol  "A.'      S.G.    0.785. 
Barometer   29.97in. 


Revs, 
per  - 


101  Ml 

1000 
lOOit 
1005 
1010 
1000 
1000 

1000 
1010 
1000 


Torque  at      i 

3ft.  rad. 
W  =  24  lb. 

j  Xett  1 
Spring  weight 
balance  (=  w) 


I.M. 

E.P. 


Ind. 
H.P. 


12.0 
15.0 
14.2 
12.9 
11.6 
10.7 
11.0 
11.1 
11.3 
12.3 


12.0 

36.7 

9.0 

32.4 

9.8 

33.5 

11.1 

35.4 

12.4 

37.2 

13.3 

38.5 

13.0 

38.1 

12.9 

37.9 

12.7 

37.8 

11.7 

36.2 

Temperature 


Inlet 
Water  hous-  Engine 
outlet     ing      room 


Fuel 
consumption. 
Igni-  i  Unit  vol.  J  pint 

tion  I 

posi- 1  Pint  per 

tion   Seconds   I. H.P, 
No.    unit  vol   per  hr 


9 


10 


11 


14.7 
13.0 
13.5 
14.3 
15.1 
15.  5 
15.3 
15.2 
15.3 
14.5 


75.0 
60.0 
56.0 
62.0 
67.0 
69.0 
66.0 
66.5 
67.0 


68.2 
61.4 
63.7 
07.6 
73.  G 
77.6 
82.  t 
89.4 
93.6 
101.0 


0.897 
1.125 
1.048 
0.931 
0.810 
0.748 
0.714 
0.662 
0.629 
0.614 


Heat 

input, 

750 

watts 


12 


Volts 
71.5* 

t 
t 
t 
± 
t 


REM.4.RKS. — Friction,  13.81b.,  water  outlet  75°  C. 

•10.5   ainps.      "f  Occasional   fluttering   in  exhaust.      J  Very   occasional   fluttering. 
§  ^lissing.  [\  Frequent  missing. 
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LEYLAXD    EXGIXE. 

SERrEs  V.     Test  Xo.   7. 

Consumption  and  Power  at  Quarter  Load. 

F(/p?— Alcohol  93  Vol.  per  cent.     S.G.  0.8155. 
Barometer  29.9:!in. 


Torque  at 

Temperature 

Fuel 

3ft. 

rad. 

°C. 

consumption. 

Revs. 

W  = 

241b. 

Igni- 

Unit vol.  i  pint 

Heat 

per 

I.M. 

Ind. 



tion 

input. 

min. 

Xett 

E.P. 

H.P. 

Inlet 

posi- 

Pint per 

750 

Spring 

weight 

Water  hous- 

Engine 

tion 

Seconds 

I.H.P. 

watts 

balance 

(=w) 

outlet     mg 

room 

No. 

unit  vol 

per  hr. 

1 

2 

3 

4 

5 

C            7 

8 

9 

10             11 

12 

Petrol 

"^" 

Volts 

995 

8.9 

15.1 

41.1 

16.4 

62.5 

22.0 

4.5 

67.2 

0.912 

73* 

Alcoh 

ol 

1000 

9,4 

;   14.6 

40.3 

16.2 

64. 0 

22.5 

J  J 

47.7 

1.166 

t 

1000 

9.2 

14.8 

40.4 

16.3 

64.0 

22.5 

51.3 

1.078 

t 

1000 

10.2 

13.8 

40.6 

15.7 

61.8  ' 

23.0 

55.5 

1.033 

+ 

+ 

1010 

11.4 

12.6 

32.2 

15.2 

61.0 

23.2 

57.1 

1.038 

§ 

1005 

12.1 

11.9 

36.5 

14.8 

61.3 

60.2 

1.010 

§ 

990 

16.2 

7.8 

30.7 

12.2 

62.0 

23.0 

65.7 

1.120 

II 

PvEMARKS. — Friction  lest  taken  at  13.8  lb. 

*  10.9  amps,     y  Quite  steady;    very  occasional  missing.     J  Quite  steady.     §  Slight 
occasional  fluttering  in  exhaust.      \\  Frequent  missing. 
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LEYLAND   EXGIXE. 

Series  V.     Test  No.  8. 

Consumption  and  Power  at  Quarter  Load. 

Fuel — Alcohol  95  Vol.  per  cent  and  Ether  5  per  cent.      S.G.  0.813. 
Barometer  29.92in. 


j      Torque  at 

Temperat 

lire 

Fuel 

3ft.  rad. 

°C. 

consumption. 

Revs.'     W  =  24  lb. 

Igni- 

Unit vol.  i  pint 

Heat 

TIPT 

I.M. 

Ind. 

tion 

input. 

pLl 

1 

miti. 

Nett  1  E.P. 

H.P. 

Inlet 

posi- 

Pint per 

750 

j  Spring 

weight 

Water  hous- 

Engine 

tion 

Seconds  I.H.P. 

watts 

1  balance 

(=w) 

1 

outlet  j   ing 

room  1  No. 

unit  vol    per  hr. 

1     ,        2 

3           4 

5 

6 

7 

8 

9 

10             11 

12 

J'etrol  "A" 

] 

Volta 

1000         7.7 

16.3     42.7 

17.7 

66.0 

24.0 

90.4 

0.563 

72* 

Alcohol 

1010       10.2 

13.8     39.2    15.9 

69.5 

23.6 

4.5 

43.8 

1.233 

t 

1000         9.9       14.1  :  39. 8|  15.9 

65.5 

23.6 

48.2 

1.168 

t 

1000         9.0 

15.0 

40.9 

16.5 

65.0 

23.6 

50.6 

1.071 

t 

1005       11.0 

13.0 

38.1 

14.2 

64.0 

23.8 

61.3 

1.031 

t 

1005       17.4 

6.6 

29.0 

11.7 

61.0 

23.9 

69.9 

1.100 

Remarks. — Friction  test  taken  at  13.8  lb. 
*  10.  5  amps.  f  Very  occasional  missing.  J  Steady. 
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LEYLAXD    ENGINE. 

Series  V.     Test  No.   9. 

Consumption  and  Power  at  Quarter  Load. 

Fuel — Alcohol  95  Vol.  per  cent  and  Ether  10  per  cent.      S.O.  0.810. 
Barometer   29.92in. 


Torque  at 

Temperature 

Fuel 

3ft.  rad. 

°C. 

consumption. 

Revs. 

W  =  24  lb. 

Igni- 

Unit vol.  i  pint 

Heat 

per 
min. 

I.M. 
E.P. 

Ind. 
H.P. 

tion 
posi- 

input, 
750 

Nett 

Inlet 

Pint  per 

Spring  1  weight 

Water 

hous- 

Engine 

tion 

Seconds   I.H.P. 

watte 

balance  (=  -w) 

outlet 

ing 

room 

No. 

unit  vol  perhr. 

1 

2 

3            4 

5 

6 

7 

8 

9 

10 

11 

12 

Petrol 

"A  "      i 

Volts 

995 

8.7       15.3     41.3 

16.5 

65.0 

23.8 

4.5 

68.3 

0.794 

72* 

Alcoh 

ol 

1010 

11.0 

13.0     38.1 

15.5 

64.2 

23.8 

46.4 

1.250 

t 

1000 

9.4 

14.6     40.3 

16.2 

65.5 

49.2 

1.131 

1005 

8.2 

15.8     42.0 

17.0 

66 . 0 

23.8 

52.9 

1 .  000 

995 

8.6 

15.4     41.5 

16.7 

65.5 

24.0 

56.2 

0.958 

1000 

9.9 

14.1      39.6 

15.9 

64.8 

24.0 

60.4 

0.937 

1000 

11.6 

12.4     37.2 

14.9 

60 . 0 

65.2 

0.925 

t 

1000 

14.0 

10.0     33.8 

13.6 

55.5 

24.  2 

67.8 

0.978 

REM.4RKS. — Friction  test,  13.4  lb.;   temp.,  69.8°  C.    Friction  taken  as  13.8  1b. 
as  above  test  doubtful. 


•10.  5  amps.  f  Missing. 


Very  occasional  missing. 
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LEYLAND    ENGINE. 

Skbies  V.     Te3t  No.    10. 

CoDsamption  and  Power  at  Qaarter  Load. 

Fuel— Wcohol  95  Vol.  per  cent  and  Ether  15  per  cent.      S.G.  0.8055. 
Barometer   29.92in. 


Revs, 
per 
min. 


Torque  at 

3ft.  rad. 

W  =  24  lb. 

Nett 
Spring  I  weight 
balance,  (=  w) 


Temperature 


I.M. 
E.P. 


Ind. 
H.P. 


I  Inlet 
Water  hous-  Engine 


Igni- 
tion 
posi- 
tion 


Fuel 
consumption.    . 
Unit  vol.  J  pint    Heat 
input. 


Pint  perj     750 
Seconds   I. H.P.     watts 


outlet  I    ing      room  ]   No.  i  unit  vol  per  hr. 


1 

^ 

3 

4 

5 

6       j      7 

8 

9 

10 

11 

12 

Petrol 

".-1  " 

Volta 

1000 

8.6 

15.4 

40.5    16.7 

65.5 

22.9 

4.5 

80.5 

0.670 

72* 

Alcoh 

ol 

1000 

9.0 

15.0 

40.9 

16.1 

66.0 

22.9 

48.7 

1.145 

1005 

8.6 

15.4 

41.5 

16.8 

65.8 

23.6 

52.5 

1.020 

1000 

9.1 

14.9 

40.7 

16.4 

,, 

,, 

56.4 

0.974 

1000 

10.7 

13.3 

38.5 

15. 5 

62.0 

22.8 

60.4 

0.961 

1000 

13.3 

10.7 

36.2 

14.0 

60.5 

22.6 

64.9 

0.993 

1000 

16.4 

7.6 

30.4 

12.2 

58.6 

22.6 

70.0 

1.050 

II 

REMABK3. — Friction,   14.5  1b.  at  69^  C.     Friction  taken  as   13.8  1b.  aa  above 
test  doubtful. 

•10.6   amps,      f  Steady  ;     misses  if  richer.      {Steady.      §  Occasional   fluttering   in 

tSxhaust.  !l  Missing. 


SECTION  IV. 


THE  WORK  OF  MIDGLEY  AND  BOYD    ON   DETONATION. 

SOLUBILITY  RELATIONS  AND   OTHER  PROPERTIES 
OF  MIXED  FUELS. 

FURTHER  NOTES  ON  FUEL  RESEARCH. 


THE  WORK    OF  MIDGLEY   AND  BOYD.* 


By  A.  E.  DuNSTAN,  D.Sc,  F.I.C.,  F.C.S.,  and  Stephen  Card,  B.Sc. 


The  Bounc'ouj-Pin  Apparatus. 

MiDGLEY  and  Boyd  have  investigated,  on  behalf  of  the  General 
Motors  Research  Corporation,  the  detonation  characteristics  of 
a  fuel  by  means  of  what  they  call  their  bouncing-pin  apparatus, 
Fig.  1,  which  they  claim  to  be  a  method  of  measuring  the 
"amount  of  detonation"  occurring  with  a  particular  fuel. 
The  apparatus  consists  of  an  opening  in  the  head  of  the 
combustion  chamber  into  which  is  screwed  a  long  cylinder 
fitted  with  a  piston,  the  underside  of  which  is  flush  with  the 
inner  surface  of  the  cylinder  head,  and  which  is  held  down 
by  a  powerful  spring.  On  the  upper  side  of  the  piston  there  rests, 
merely  by  gravity,  a  heavy  steel  pin,  and  immediately  above  the  top 
of  the  pin  there  are  a  pair  of  contact-points  connected  in  series  with 
a  source  of  current,  a  lamp,  and  an  electrolytic  cell  containing  dilute 
sulphuric  acid.  During  normal  combustion  of  the  fuel  the  pressure 
of  the  spring  is  so  adjusted  that  the  piston  moves  up  and  down  only 
a  very  small  distance  (a  few  thousandths  of  an  inch).  When  the 
explosion  is  a  detonating  one,  the  sudden  production  of  a  very  large 
pressure  causes  a  greater  movement  of  the  piston,  and  the  bouncing- 
pin  is  thrown  clear,  thus  closing  the  circuit.  In  the  course  of  a  few 
minutes,  if  the  detonation  is  fairly  frequent,  a  considerable  amount 
of  gas  will  be  collected  in  the  cell,  and  the  lamp  may  glow  con- 
tinuously. Midgley  assumes  that  the  volume  of  gas  collected  in  a 
given  number  of  revolutions,  with  the  engine  having  the  same 
adjustment,  is  proportional  to  the  "  amount  of  detonation  "  pro- 
duced by  the  fuel. 

*  Tlio  material  gathered  together  here  lias  been  obtained  from  the  following 
sources  : — 

T.  Midgley,  jun.,  ami  T.  A.  Boyd,  J.  Ind.  Eng.  Chem.,  1922,  No.  7,  p.  589. 

T.  Midgley,  jmi.,  and  T.  A.  Boyd,  Nat.  Pot.  News,  July  5th,  1922  (J.  Soc.  Auto- 
motive Engineers,  June,  1922). 

T.  Midgley,  jun.,  J.  Ind.  Eng.  Chem.,  1922,  No.  9,  p.  849. 

T.  Midgley,  jun.,  J.  Ind.  Eng.  Chem.,  1922,  No.  10,  p.  894. 

T.  Midgley,  jun.,  J.  Ind.  Eng.  Chem.,  1923,  No.  4,  p.  421. 

Oil  and  Gas  Journal,  April  10th,  1924,  p.  126. 

The  Lamp  (Magazine  of  Standard  of  N.J.),  Feb.,  1924,  p.  19. 

W 
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To  enable  measurements  to  be  taken  by  the  use  of  this  apparatus 
it  is  necessary  that  there  shall  always  be  some  detonation,  and  there- 
fore Midgley  has  used  an  easily-detonating  mixture  of  hydrocarbons, 
namely,  kerosene,  as  the  basic  fuel.  He  has  stated  that  no  two 
■explosions  are  precisely  similar,  and  that  although  detonation  is 
often  occurring,  not  every  explosion  is  a  detonating  one.  The  volume 
of  gas  collected  in  a  given  time  is  regarded  as  an  integration  of  the 
"  detonation  "  over  that  period. 

The  actual  engine  used  was  a  small  lighting  set,  the  generator  of 
which  serves  to  give  an  indication  of  the  power  output.    The  engine 


Fig.  1. — Diagrainmatic  representation  of  bouncing-pin  apparatus. 

has  a  single  air  cooled  cylinder  of  2. Sin.  bore  by  Sin.  stroke,  pro- 
vided with  four  detachable  heads  recessed  to  different  amounts  so 
that  compression-ratios  of  3.47  :  1,  3.87  :  1,  4.59  :  1,  and  5.36  :  1 
can  be  obtained. 


Method  of  Test. 

When  examining  the  anti-detonating  effect  of  a  fuel,  Midgley  has 
used  xylidine  as  the  standard,  comparing  mixtures  of  xylidine  in 
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kerosene  with  mixtures  of  benzol,  toluol,  xylol,  and  alcohol  in  kero- 
sene. He  gives  the  specific  case  of  the  mixture  containing  45  per 
cent  by  volume  of  benzene  and  55  per  cent  of  kerosene.  A  compression- 
ratio  of  3.87  :  1  was  used,  which  was  high  enough  to  allow  some 
detonation,  but  not  enough  to  cut  down  the  power  output  seriously 
or  cause  the  engine  to  run  erratically.  In  all  cases  the  mixture  was 
adjusted  to  give  maximuni  detonation,  which  mixture  is  stated  to 
be  approximately  the  weakest  which  will  give  maximum  power. 
The  fuel  system  of  the  engine  was  arranged  in  duplicate  so  that  rapid 
changes  from  one  fuel  to  another  could  be  made  while  the  engine 
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Fig.  2. — Coniparison  of  alcohol,  benzene,  toluene  and  xylene. 

was  running.  By  trial  it  was  found  that  a  5  per  cent  xylidine/kero- 
sene  fuel  had  a  slightly  less  detonating  tendency  than  the  benzene/ 
kerosene  fuel  under  examination.  Keeping  conditions  in  the  engine 
the  same,  alternate  one-minute  runs  were  made  on  each  fuel  and  the 
volume  of  gas  collected  was  measured  in  each  case.  The  benzene/ 
kerosene  blend  was  then  replaced  by  a  4  per  cent  xylidine /kerosene 
mixture  and  the  process  was  repeated.  By  plotting  the  average 
amounts  of  gas  produced  using  the  three  fuels  against  the  percentages 
of  xylidine  in  the  standard  mixtures  the  exact  xylidine  mixture 
^corresponding  to  the  given  benzene  mixture  could  be  determined. 

w  2 
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Results. 

The  relative  values  of  the  aromatic  hydrocarbons  and  absolute 
alcohol  as  suppressors  of  detonation  were  then  determined,  the 
results  being  given  in  Fio.  2. 

From  the  results  it  appears  that  toluene  is  slightly  better  than 
benzene  and  xylene  slightly  better  than  toluene  as  an  anti-detonating 
substance.  It  may  be  noted  here  that  Ricardo  found  toluene  the 
most  effective  of  the  aromatic  hydrocarbons,  and  that  it  was  much 
better  than  benzene  as  a  suppressor  of  detonation.  Absolute  alcohol 
appears  much  better  than  the  aromatic  hydrocarbons,  on  the  volume- 
for-volume  basis. 

Aitli-kuock  Substances. 

Using  the  same  apparatus,  Midgley  found  that  there  was  a  variety 
of  substances  which  could  suppress  detonation,  sometimes  even  when 
present  in  very  small  amounts,  and  these  he  called  anti-knock  sub- 
stances. On  the  other  hand,  he  discovered  several  substances  which 
could  induce  detonation.  Most  of  the  substances  he  mentions  are 
volatile  liquids  and  they  can  either  be  dissolved  in  the  fuel  or  the 
vapour  can  be  allowed  to  be  sucked  in  with  the  air. 

Table  I.  shows  the  effects  of  some  of  the  more  noteworthy  sub- 
stances : — ■ 

Table  I. 


Element. 


Iodine 

Bromine         

Oxygen 

Oxygen 

Nitrogen        

Selenium        . .       .  .        ^ 
Tellurium      .  .       .  .        J 

Tin  ^ 

Lead       J 


Form  in  which  used. 


Effect  on  detonating 
quality  of  fuel. 


Element |  Suppresses  detonation. 

Element i  Induces  detonation 

Element Induces  detonation 

Ethyl  nitrite  or  nitrate   . .       . .  Induces  detonation 

Aniline        Suppresses  detonation 


Di-ethyl  comjioiuids 
Tetra-etliyl  conij>ounils 


Suppresses  detonation 
Suppresses  detonation 


Using  benzene  in  kerosene  as  the  standard  fuel  mixture,  Midgley 
examined  the  relative  efficiencies  of  the  anti-knock  substances.  The 
comparison  is  given  in  Table  II.  The  proportions,  both  by  volume 
and  by  molecules,  of  these  substances  which  produced  an  anti- 
detonating  effect  equivalent  to  25  per  cent  by  vol.  of  benzene  mixed 
with  the  kerosene  are  given. 

The  very  small  amount  of  some  of  these  substances  which  will 
cause  considerable  anti-detonating  effect  is  remarkable,  and  has  been 
demonstrated  by  some  striking  experiments.     If  an  un-stoppered 
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bottle  containing  lead  tetra-ethyl  is  held  near  the  air  intake  of  a 
violently  detonating  engine,  then  the  small  amount  of  the  vapour 
sucked  in  with  the  air  causes  the  detonation  to  cease  and  the  power 
output  rises.  If  the  engine  now  be  run  on  a  mixture  containing 
35  per  cent  benzene  there  will  be  little  or  no  detonation,  but  if  an  un- 
stoppered  bottle  containing  some  volatile  nitrate  or  nitrite  (such  as 
isopropyl  nitrite)  be  held  close  to  the  air-intake,  then  violent  detona- 
tion will  occur  and  it  may  be  of  sufficient  severity  to  stop  the  engine. 
The  marked  effect  of  lead  tetra-ethyl  on  the  combustion  of  an 
easily-detonating  mixture  such  as  that  of  acetylene  and  air  has  also 


Oi -ethyl  Selenide  yT* 

Sparking -Plug^ 

Glass  explosion  tube 


Fig.  3.^ — Apparatus  to  ,show  effect  of  antiknock  agent  on  explosion 
of  acetvlene  and  air. 


been  demonstrated.  The  apparatus  consists  of  two  vessels.  Fig.  3, 
one  containing  acetylene  and  the  other  air.  The  cross-sections  of 
these  vessels  are  such  that  when  the  gases  are  displaced  by  water 
from  a  single  tank  they  are  admitted  to  an  open-ended  explosion  tube 
in  such  proportions  that  the  resulting  mixture  is  the  one  producing 
maximum  detonation.  There  is  provision  for  sparking  the  mixture 
at  the  closed  end  of  the  tube,  and.  if  the  gases  are  now  ignited,  a 
detonating  explovsion  will  develop,  accompanied,  as  is  usual,  by  a 
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sharp  "  crack  "  and  a  high  degree  of  luminosity  of  the  flame.    Borne 
inches  may  even  be  blown  off  the  end  of  the  glass  explosion  tube. 

If  the  experiment  is  now  repeated  with  the  exception  that  the 
entering  air  is  allowed  to  carry  with  it  a  little  of  the  vapour  from  a 
bottle  containing  di-ethyl  selenide,  in  the  manner  shown  in  the 
diagram,  then  the  resulting  explosion  is  quiet  and  non-detonating, 


TaBI  12     J  I. 


Corresponding  number 

Correspond- 

of molecules  of 

Element. 

Componud. 

ing  per  cent. 

theoretical  air /fuel 

by  volume. 

mixture   to   one   mole- 

cule of  anti-knock. 

Benzene          .  .       . .  ■    . . 

25 

150 

Iodine 

Ethyl  iodide 

1.0 

2,150 

Nitrogen 

Xylidine         

2.0 

2,600 

Tin        

Tin  tetra-ethvi      .  .       .  . 

1.2 

7.100 

Selenium 

Di-ethyl  selenide  .  . 

0.4 

11,750 

Telluriinu     .  . 

Di-ethy]  telluiide .  . 

0.1 

50,000 

Lead 

Lead  tetra-ethyl  . . 

0.04 

215,000 

although  the  amount  of  di-ethyl  selenide  present  constitutes  only 
one  seven-hundredth  part  of  the  volume  of  the  gaseous  mixture. 

Midgley  regards  these  anti-knock  materials  as  quite  distinct  from 
fuels  such  as  the  aromatic  hydrocarbons,  though,  broadly  speaking, 
their  efiect  is  the  same.  The  aromatic  hydrocarbons  are  themselves 
fuels  which  possess  anti-detonating  properties,  and  when  mixed  with 


Table  ill. 


Element. 

Reciprocal  of  number  of  gram 
anti-knock  effect  equivalent  to 

.-mols.  required  to  give 
1  gram.-mol.  of  aniline. 

Ethyl  compound. 

Phenyl  compound. 

Iodine        

Selenium 

Tellurixini           

Oxygen      

1.09 
6.9 
26.8 
—  0.036  (induces  knocking) 

0.88 
5.2 
22.0 
0.122 

kerosene  they  impart  these  properties  to  the  fuel  in  proportion  to 
the  amount  of  aromatic  added.  The  anti-knock  substances,  however, 
are  efficient  when  present  in  extremely  minute  proportions.  Table  II. 
showing  that  lead  tetra-ethyl  is  quite  efficient  when  present  to  the 
extent  of  one  molecule  in  200,000  molecules  of  the  air /fuel  mixture, 
in  this  case  the  molecules  of  lead  tetra-ethyl  being  1400  times  as 
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efficient  as  those  of  benzene.  Also  the  effect  does  not  increase  in 
proportion  to  the  amount  of  anti-knock  added,  but  reaches  a 
maximum  with  relatively  high  concentrations. 

In  these  anti-knock  substances  the  detonation-suppressing 
characteristics  are  ascribed  to  the  particular  atom  present,  e.g., 
to  the  lead  atom  in  lead  tetra-ethyl  and  to  the  nitrogen  atom  in  the 
aromatic  amines.  Table  III.  gives  a  comparison  made  by  Midgley 
of  the  effects  of  various  atoms  with  two  different  groups  attached, 
which  seems  to  show  that  it  is  a  function  of  the  atom. 

Action  of  Anii-knock  Materials. 

Since  such  small  amounts  of  anti-knock  produce  such  a  marked 
effect  on  combustion,  Midgley  considers  that  the  action  bears  some 
resemblance  to  that  of  a  catalyst — a  kind  of  negative  catalyst, 
reducing  the  velocity  of  the  chemical  action  of  combustion.  He  con- 
siders that  is  their  sole  effect,  and  has  suggested  that  they  may  act 
as  screens  selectively  absorbing  radiation  and  thus  reducing  the 
flame-velocity,  reasoning  on  the  lines  of  Perrin's  radiation  theory. 
As  regards  the  relationship  between  flame-velocity  and  detonation, 
Midgley  bases  his  reasoning  on  the  fact  that  the  pressure  of  the  gas 
immediately  in  front  of  the  flame  (Pi)  is  greater  than  the  pressure 
behind  it  (Po).  These  pressures  are  dependent  on  the  velocity  of 
combustion  and  in  normal  combustion  the  value  of  the  pressure- 
difference  is  small,  of  the  order  of  1  lb.  per  sq.  in.  By  mathematical 
reasoning,  Midgley  infers  that  there  is  a  certain  critical  value  of  P,, 
and  therefore  a  certain  critical  value  of  the  flame-velocity,  at  and 
above  which  the  pressure-difference  suddezaly  becomes  very  great. 
He  considers  an  explosion  under  these  conditions  to  be  a  detonating 
one,  the  sharp  "  pinking  "  sound  being  due  to  the  dense  mass  of 
gas  immediately  in  front  of  the  flame  and  at  high  pressures,  striking 
the  top  or  sides  of  the  combustion  chamber. 

Application. 

There  were  several  difficulties  to  contend  with  before  the  use  of 
lead  tetra-ethyl  could  become  a  practicable  proposition. 

In  the  first  place,  it  was  a  rare  chemical  costing  over  £100  per 
pound,  and  it  was  only  after  a  great  deal  of  experimenting  and  the 
introduction  of  large-scale  production  that  the  cost  was  able  to  be 
reduced  so  that  the  price  is  about  10s.  per  pound.  As  the  quantity  of 
the  anti-knock  added  is  3  c.c.  per  American  gallon  of  gasoline,  this 
difficulty  has  been  removed.  Then  the  preliminary  trials  showed  that 
the  products  of  combustion  had  a  very  harmful  effect  on  the  sparking- 
plug  electrodes,  causing  them  to  disappear.  This  difficulty  also  has 
been  obviated  by  the  addition  of  some  halogen-containing  compound. 

Apparently  carbon  tetra-chloride  has  been  used,  but  at  present  it 
is  stated  that  ethylene  di-bromide  is  employed.     The  function  of 
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these  compounds  is  to  convert  the  lead  into  lead  halidcs  immediately 
after  combustion,  and  so  prevent  its  action  on  the  plug  electrodes. 
Furthermore,  lead  tetra-ethyl  itself  (or  its  break-down  products) 
is  stated  to  affect  the  lubricating  oil  very  seriously.  As  a  conse- 
quence engines  running  on  "'  ethyl  gas  "'  are  found  to  collect  a  greyish 
deposit  on  the  walls  of  the  combustion  chamber,  though  it  is  stated 
that  no  harm  ensues..  Again,  lead  tetra-ethyl.  which  is  a  colourless 
liquid  of  1 .62  S.G.  with  a  boiling  point  of  152^  C.  and  miscible  with 
gasoline  in  all  proportions,  decomposes  on  exposure  to  light  and  air, 
forming  at  first  a  white  precipitate  which  later  turns  brown.  Like 
other  compounds  of  lead,  it  is  poisonous. 

The  anti-knock  is  sold  through  the  medium  of  specially  fitted  petrol 
pumps.  These  pumps  are  normal  except  that  a  small  apparatus, 
called  the  '"  ethylizer/'  is  attached.  If  ethylized  gasoline  is  required, 
the  apparatus  can  be  put  in  connection  with  the  pump  by  operating 
a  small  lever,  and  every  gallon  of  gasoline  delivered  will  automatically 
have  added  to  it  the  requisite  quantity  of  lead  tetra-ethyl  and 
ethylene  di-broinide.  Fresh  supplies  of  the  "  ethyl ''  are  supplied 
in  sealed  metal  bottles  containing  about  a  quart,  which  are  inverted 
and  dropped  in  the  top  of  the  ethylizer.  a  pointed  tube  puncturing 
the  seal  and  allowing  the  anti-knock  to  run  out  as  required. 
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SOLUBILITY  RELATIONS  AND  OTHER  PROPERTIES 
OF  MIXED  FUELS. 

W.  R.  Ormaxdy  and  E.  C.  Craven. 


It  has  been  shown  in  the  earlier  parts  of  this  volume  that  great 
differences  exist  between  various  constituents  of  motor  fuels  in  con- 
nection with  their  power  of  withstanding  compression  in  an  engine 
without  detonating.  Alcohol  is  about  twice  as  efficient  as  commercial 
motor  benzole  per  weight  unit  in  reducing  the  tendency  to  detona- 
tion, but,  unfortunately,  only  absolute  alcohol  is  miscible  with 
paraffins,  naphthenes,  and  aromatics  in  every  proportion.  The 
strongest  alcohol  of  commerce  other  than  the  small  amount  specially 
prepared  for  chemical  industries  contains  some  water,  and  indeed 
the  strongest  alcohol  which  can  be  prepared  by  the  ordinary  systems 
of  distillation  has  only  about  95  Vol.  per  cent  of  the  strength  of 
absolute  alcohol,  the  remainder  being  water.  This  arises  from  the 
fact  that  a  mixture  of  alcohol  in  water  in  the  proportion  of  95.57 
:  4 .  43  by  weight  distils  at  a  low^r  temperature  than  any  other  mix- 
ture of  these  two  ingredients,  and  is  called  an  azeo-tropic  mixture. 
As  questions  of  alcohol  strength  are  expressed  sometimes  in  the  form 
of  degrees  over  proof  and  at  other  times  as  a  weight  relationship, 
and  again  as  a  volume  relationship,  the  figures  in  Table  I.,  taken  from 
Thorpe's  Tables,  are  given  for  future  reference. 

Even  though  water-free  alcohol  could  be  obtained,  the  fact  that 
such  alcohol  is  hygroscopic  renders  it  desirable  that  the  solubility 
relationship  of  alcohol  containing  various  quantities  of  water  to 
the  possible  constituents  of  motor  fuels  should  be  referred  to.  The 
situation  is  rendered  the  more  complex  by  the  fact  that  the  solu- 
bility of  aqueous  alcohol  in  all  the  ordinary  constituents  of  motor 
fuels  is  greatly  affected  by  temperature,  and  therefore  the  tempera- 
ture relationships  with  regard  to  the  solubility  of  alcohol,  water, 
and  petrol  constituents  must  be  reviewed.  As  all  petrols  and  even 
motor  benzoles  are  complex  mixtures,  it  will  be  well  to  studv  first 
the  behaviour  of  some  comparatively  pure  hydro-carbons  in  regard 
to  ethyl  alcohol  and  water.  As  the  whole  subject  has  been  dealt 
with  at  length  elsewhere,*  it  is  only  necessary  here  to  indicate  general 
results. 

*  See  .J.I.  Pet.  Tecli.,  Onnandy  and  Craven,  Vol.  7,  p.  423,  I92I  ;  Vol.  8, 
p.  181,  1922. 
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Table  I. 


Specific  gravity 

in  air  at 

COT.  /60°  F.  or 

15.6°C./15.6°C. 

Percentage  of 

?thyl  alcohol. 

Percentage 

of  fiscal 
proof  spirit. 

By  weight. 

By  volume  at 
60°  F.  or  15.6°  C. 

0.79359 

100.00 

100.00 

175.35 

0.7940 
4 
8 

99.87 
99.75 
99.62 

99.92 
99.84 
99.76 

175.21 
175.08 
174.94 

0.7930 
4 
8 

99.55 
99.43 
99.29 

99.72 
99.64 
99.56 

174.87 
174.73 
174.59 

0.7960 
4 
8 

99.22 
99.10 
98.97 

99.52 
99.44 
99.30 

174.52 
174.38 
174.23 

0.7970 
4 
8 

98.90 
98.78 
98.64 

99.32 
99.24 
99.16 

174.16 
174.02 
173.88 

0.7980 
4 

8 

98.57 
98.45 
98.31 

99.12 
99.04 
98.95 

173.80 
173.66 
173.52 

0.7990 
4 

8 

98.24 
98.12 
97.98 

98.91 

*         98.83 

98.75 

173.44 
173.30 
173.15 

0.8000 
4 
8 

97.91 
97.79 
97.67 

98.70 
98.62 
98.54 

173.07 
172.93 
172.78 

0.8010 
4 
8 

97 .  59 
97.46 
97.32 

98.49 
98.41 
98.33 

172.71 
172.56 
172.41 

0.8020 
4 
8 

97.25 
97.12 
96.98 

98.28 
98.20 
98.11 

172.33 
172.19 
172.03 

0.8030 
4 
8 

96.91 
96.78 
96.64 

98.06 
97.98 
97.89 

171.95 
171.80 
171.64 

0.8040 
4 
8 

96.57 
96.44 
96.30 

97.84 
97.76 
97.66 

171.56 
171.41 
171.25 

0.8050 
4 
8 

96.23 
96.10 
95.96 

97.62 
97.54 
97.44 

171.17 
171.01 
170.85 
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Table  I.  (continued) 


Specific  gi'avity 

in  air  at 
60°  F.  /60°  F.  or 
15.6°  C.  15.6° C. 

Percentage  of  ethyl  alcohol. 

Percentage 
of  fiscal 

By  weip;ht. 

By  volume  at 
60°  F.  or  15.6°  C. 

pi-oof  spirit. 

0.8060 

8 

95.89          ' 

95.76 

95.62 

97.39 
97.31 
97.21 

170.77 
170.61 
170.45 

i 

0.8070 
4 
S 

95.  55 
95.41 
95.27 

97.16 

97.08 
96.98 

170.37 
170.21 
170.04 

0.8080 
4 

8 

95.20 
95.06 
94.92 

96.93 
96.84 
96.74 

169.96 
169.80 
169.64 

0 . 8090 
4 

8 

94.85 
94.71 
94.57 

06.69 
96.60 
96 .  50 

169.55 
169.39 
11)9.22 

0.8100 
4 

8 

94.50 
94.36 
94.22 

96.45 
96.36 
9o .  26 

169.13 
168.97 
168.80 

0.8110 
4 

8 

94.15 
94.01 
93.87 

90.21 
96.12 
96.02 

168.71 
168.55 
168.37 

0.8120 
4 
8 

93.80 
93.06 
93.51 

95.97 
95.87 
95.77 

168.28 
168.12 
167.95 

0.8130 
4 
8 

93.44 
93.31 
93.17 

95.72 
95.62 
95.52 

167.86 
167.68 
167.50 

0.8140 
4 

8 

93.08 
92.94          , 

92 .  80 

95.47 
95.37 
95.27 

167.41 
167.23 
167.05 

0.8150 
4 

8 

.     92.72 
92.58 
92.44 

95.22 
95.12 
95.02 

166.96 
166.78 
166.60 

0.8160 
4 
8 

92.36 
92.22 

92.08 

94.97 
94.87 
94.77 

166.51 
166.33 
166.15 

0.8170 
4 

8 

92.00 
91.86 
91.71 

94.71 
94.61 
94.51 

166.06 

165.88 

!              165.69 
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Fig.  1  shows  the  solubility  of  pure  benzene  in  alcohol  with  vary- 
ing percentages  of  water  at  various  temperatures,  and  Fig.  2  gives 
corresponding  results  for  commercial  xylols.  Experiments  on  the 
aromatic  bodies  show  that  the  more  volatile  of  the  series  are  mor-i 
readily  soluble,  but  even  in  the  case  of  the  most  volatile  of  them 
— benzene — it  is  necessary  to  have  alcohol  of  strength  88.4  per  cent 
by  weight  in  order  to  render  stable  a  mixture  of  80  parts  alcohol 
and  20  parts  benzene,  while  for  a  90  :  10  alcohol,  benzene  mixture 
the  strength  must  be  92.3  weight  per  cent  and  these  at  15^  Centi- 


Concentration  of  benzene  per  cent  by  weight 
20  30  4-0  50 '        60         70  80 


10  20         30  AO         50  60         70         80 

Concentration  of  benzine  percent  weight 


Fig.  1. 


grade.  The  curves  show  how  great  is  the  influence  of  temperature. 
The  corresponding  figures  for  toluene  at  15"^  C.  are  : — 

80  alcohol  20  toluene  requires  alcohol  90 . 5  per  cent  weight  strength. 
90  alcohol  10  toluene  requires  alcohol  93 . 5  per  cent  weight  strength. 

It  is  much  easier  to  get  pure  aromatics  than  pure  paraffins,  but, 
nevertheless,  the  results  obtained  with  the  many  samples  of  the 
latter  are  sufficient  to  enable  some  general  conclusions  to  be  drawn. 
The  curves  in  Fig.  3  relate  to  solubilities  in  alcohol  of  92  per  cent 
by  weight,  this  being  the  strong  alcohol  of  commerce,  and  it  will 
be  seen  that  one  pentane  sample  was  very  soluble  ;    this  contained 
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a  lot  of  dissolved  gases  and  bodies  of  very  low  molecular  weight, 
and  bears  out  the  general  relation  that  the  more  volatile  and  lower 
molecular  weight  paraffins  are  more  soluble  in  alcohol  with  water 
content  than  the  less  volatile  and  heavier  members  of  the  group. 
The  temperature  effect  is  greater  the  greater  the  solubility  of  the 
paraffin. 

As  heptane  may  be  taken  as  the  typical  petrol  paraffin,  the  solu- 
bility relations  of  this  body  at  two  temperatures  are  given  in  Fig.  4.* 
The  discovery  that  alcohol  raises  the  detonation  pressure  for  equal 
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weights  about  twice  as  much  as  commercial  benzole  brings  up  the 
question  as  to  the  conditions  under  which  small  quantities  of  alcohol 
can  be  dissolved  in  petrols. 

The  curves  in  Fig.  5  relate  to  the  petrols  used  in  the  foregoing 
research  and  are  consequently  of  greater  practical  interest  than  the 
academic  figures  on  pure  compounds.  Fuel  A  is  rich  in  aromatics 
and  naphthenes  and  owes  its  high  solubility  thereto  in  spite  of  the 
comparatively  high  boiling  point  of  the  spirit.  Fuel  B.  though  low 
in  aromatics,  is  very  light — 99  per  cent  boiling  below^  120""  C.    Fuels 

*   See  Ormandy  and  Craven,  loc.  cit. 
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E  and  F  are  typical  paratiiu  petrols  of  medium  boiling  range,  and  H, 
although  chiefly  naphthenic,  has  such  a  high  boiling  range  that  the 
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Fig.  3. 


advantage  of  the  greater  solubility  of  the  na-phthenes  over  the 
paraffins  of  the  same  boiling  range  is  lost  to  sight. 
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Table  II.  gives  a  good  oversight  of  the  influence  of  constitution, 
volatility  and  temperature  on  the  behaviour  of  various  fuels,  but  it 
must  be  read  in  conjunction  with  the  particulars  of  fuels  given 
on  page  142  {ante)  et  seq. 

Mixing  Agents. 

The  comparatively  low  solubility  of  commercial  alcohol  in  petrols 
raises  the  question  as  to  whether  any  bodies  exist  which,  when 
added  in  traces,  will  bring  about  increased  solubility  or  stability. 
Many  experiments  have  been  made  and  some  of  the  results  are 

Concentration  heptane  per  cent  weight  in  mixture  — ► 
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embodied  in  Table  III.,  which  applies  in  most  cases  to  mixtures  con- 
taining 85  Vols,  hydro-carbon,  10  Vols.  95  Vol.  alcohol,  5  Vols,  mixing 
agent,  and  expresses'  the  results  in  relation  to  heptane  and  a  typical 
No.  1  petrol.* 

No  body  yet  examined  is  one-fifth  part  as  effective  in  stopping 
separation  as  water  is  in  bringing  it  about,  nor  does  it  seem  likely 
that  any  such  body  will  be  found.  It  is  interesting  to  note  that  the 
best  mixing  agents  consist  of  hydro-carbon  groups  combined  with 
an  hydroxyl  group.  Amyl  alcohol  is  the  best  mixing  agent  yet 
investigated,  but  Fig.  6  shows  how  little  influence  even  this  exerts. 
To  add  10  per  cent  of  alcohol  to  a  Pratts  No.  1  spirit  before  and  after 

*  See  J.I.  Pet.  Tech.,  Ormandy  and  Craven,  Vol.  9,  Xo.  36. 
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adding  5  per  cent  aniyl  alcobol,  the  spirit  would  have  to  be  95.8 
and  93.2  weight  per  cent  strong  at  15°  Centigrade.  The  addition 
of  mixing  agent  50  per  cent  in  amount  of  the  ethyl  alcohol  employed 
has  only  reduced  the  necessary  strength  2.6  weight  per  cent.* 

Since  mixing  agents  may  be  ruled  out  except  in  so  far  as  these  are 
fuels  and  obtainable  in  quantity,  the  problem  of  procuring  strong — 
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Fig.    5. — Solubility  of    Ricaido    standard   petrols    in    92  jper    cent 
by  weight  of  alcohol  at  various  temperatures. 


indeed  almost  absolute — alcohol  becomes  of  importance.    Among  the 
many  methods  employed  or  suggested  are  : — 

1.  Distilling  off  quicklime. 

2.  Distilling  the  vapours  through  quicklime. 

3.  Eemoving  the  water  by  distillation  wnth  a  third  body  form- 

ing an  azeotropic  mixture. 

4.  By  difierential  diffusion. 

*  See  Proc.  I.A.E.,  Vol.  XVI.,  Part  II.,  p.  143,  Ormandy  and  Craven. 
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5.  By   distilling  the   vapours   through   bodies   like   potassium 

acetate  in  alcoholic  solution  and  then  drying  down  the 
potassium  acetate  for  re-use. 

6.  Freezing  out  the  water  from  the  alcohol  after  addition  of 

petrol,  benzole,  or  the  like. 

7.  Distilling  ofi  glycerine. 

No.  1  is  a  laboratory  method  unsuited  for  large-scale  use. 
No.  2  is  used  on  a  large  scale  and  is  practical  and  economical 
where  good  burnt  lime  is  available. 


Table  II. — Collected  Figures  for  Solubility  of  Alcohol  in  Petrols.    The  Figures 
give  the  Strength  of  Alcohol  Necessary  to  Dissolve  to  the  Extent  Stated. 


wt. 

No.  1, 

Concen - 

Pratt's. 

A. 

B. 

E. 

F. 

H. 

Hexane. 

Heptane. 

tration  A. 

2 

90.  1 

95.4 

96.2 

96.3 

96.1 

96.4  I 

95.0 

96.0 

4 

96.2 

95.2 

96.2 

96.2 

96.0 

95.8  ! 

95.2 

96.2 

30°  C.  6 

95.8 

94.7 

96.0 

95.7 

95.8 

95.4  1 

95.4 

96.4 

8 

.95.5 

94.3 

95.0 

95.4 

95.4 

95.2  . 

95.3 

96.3 

10 

95.2 

94.1 

94.4 

95.2 

95.2 

95.1 

95.0 

96.1 

12 

95.0 

93.9 

94.  1 

95.0 

95.0 

94.9 

94.6 

95.8 

2 

— 

98.1 

97. G 

98.3 

97.7 

97.6 

98.5 

98.0 

4 

— 

98.1 

98.2 

98.7 

98.0 

98.9 

98.  1 

98.5 

6 

— 

97.9 

98.3 

98.7 

98.2 

99.0 

97.8 

93. 8 

-  30" C.  8 

— 

97.6 

97.8 

98.5 

98.2 

98.8 

97.5 

98.9 

10 

— 

97.3 

97.2 

98.1 

98.1 

98.7 

97.1 

98.9 

12 

97.0 

96.6 

97.7 

98.0 

98.7 

96.8 

98.7 

No.  3  is  the  method  long  employed  in  Germany  and  originated  by 
Professor  Young  and  described  in  his  well-known  work  on  distilla- 
tion. 

No.  4  seems  to  be  in  the  experimental  stage,  but  would  be  of  value 
in  places  where  chemical  operations  would  be  difficult. 

No.  5  is  used  on  a  commercial  scale,  but  little  seems  to  be  known 
as  to  the  details. 

No.  6  necessitates -the  cooling  of  large  bulks  of  liquid  to  remove 
comparatively  little  water. 

No.  7  is  said  to  be  employed  in  France  on  a  commercial  scale. 

Literature  regarding  many  of  the  above  processes  can  be  found  in 
the  volume  of  proceedings  of  the  Congress  on  Combustible  Liquids, 
held  by  the  Societe  de  Chimie  Industrielle  in  Paris  in  1923. 

Toluene  Niiinber  and  Solubility. 

An  examination  of  the  facts  so  far  brought  to  light  shows  that, 
of  the  groups  paraffins,  naphthenes  and  aromatics,  the  ability  to 
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withstand  compression  is  greatest  at  equal  boiliug  point  for  the 
aromatics  and  least  for  the  parattins,  and  further,  that  in  two  of  these 
.groups  the  ability  to  withstand  compression  goes  down  as  the 
inolecular  weight  goes  up.  The  same  relationship  holds  for  the 
alcohol  solubility  figures,  but  a  fuller  examination  of  these  relations 
on  a  wider  basis  goes  to  prove  that,  however  true  the  similarity  may 
be  for  the  lower  numbers  of  the  three  groups  so  far  examined,  it  is 
not  true  for  a  wide  range  of  substances  of  different  character.  Thus 
ether  has  a  high  solubility,  but  withstands  a  very  low  compression- 


K  = 

Table  III. 
solubility  factor. 

Mixhig  agent. 

Heptane. 

Petrol  No.  1. 

3 

—0 

—18 

0  about 

—11 

123 

51 

—24 

0 

90 

168 

170 

47 

Small 

41 

Small 

201 

—20 

—1000 

1 

Toluene 

•t  0 

Heptane 

Cresol         

•  114 

Anilin         

Methyl  alcohol 

Ethyl 

Ethyl 

— 3o 

95  vol. 

100   ,,     .  . 

0 
72 
70 

Butvl           ., 

144 

Amvl            , 

150 

Hexyl 

Ether         

., 

18 

27 

Cvclo-hexanol 

150 

Acetaldehyde 

Water        

pressure.  Carbon  disulphide  is  very  soluble,  but  its  resistance  to 
detonation  is  only  medium  and  aniline  with  high  solubility  is  very 
resistant  to  compression. 


Toluene  NiDuher  and  Spontaneous-ignition  Temperature. 

The  work  of  Moore,  Constam  and  Schlaepfer.  and  Krupp's  research 
department  has  shown  that  there  is  some  regularity  in  the  behaviour 
of  groups  of  chemical  bodies  when  tested  in  the  spontaneous-ignition 
meter.  Here  again  we  find  the  same  general  order.  The  paraf&ns 
ignite  readily — that  is,  at  low  temperatures — and  the  heavier  the 
paraffin  the  lower  the  ignition  temperature.  This  applies  also  to  the 
naphthenic  and  aromatic  groups,  and  the  general  order  of  the  groups 
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is  that  of  resistance  to  compression — i.e.,  toluene  number.  Once 
again,  however,  a  closer  exaiiiination  shows  that  the  relationship 
is  strictly  limited,  not  exactly  true  even  in  the  groups  and  not  by 
any  means  quantitative.  On  testing  bodies  outside  the  three  named 
groups  the  discrepancies  become  more  pronounced,  nor  can  a  rela- 
tionship between  solubility  and  spontaneous-ignition  temperature 
be  proved,  although  there  would  appear  to  be  some  within  the 
three  groups.  This  is  shown  by  Fig.  7,  which  is  self-explanatory.* 
Generally  speaking,  there  is  some  relation  between  ignition  tempera- 
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ture  and  resistance  to  compression  within  the  three  groups,  but  the 
quantitative  nature  of  the  relationship  is  all  wrong.  The  discovery 
by  Ricardo  of  substances  which  are  much  influenced  by  compression 
and  not  much  by  temperature-difierences  and  others  which  are 
influenced  in  the  opposite  sense  is  of  great  interest  and  should  lead 
to  some  fundamental  explanation  at  present  lacking.  The  discoverv 
by  Midgley  and  Boyd  of  bodies  which,  when  present  in  traces,  retard 
detonation  is  also  of  great  interest.  It  is  unfortunate  that  these  are 
all  poisonous  and  for  the  most  part  very  unpleasant-smelling  bodies. 

*  See  J.I.  Pet.  Tecli.,  Vol.  7,  Xo.  28,  1921,  Ormandy  and  Craven. 
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Lead  tetra-ethyl  used  in  conjunction  with  carbon  tetra-chloride  or 
ethylene  bromide  would  lead  to  the  production  of  about  5  grammes  of 
lead  chloride  or  bromide  per  gallon  of  fuel  burnt,  and  as  lead  salts 
are  cumulative  poisons  the  results  of  large-scale  employment  might 
lead  to  trouble.  Since  the  general  order  of  spontaneous-ignition 
temperatures  among  the  three  groups  is  that  of  their  resistance  to 
compression,  it  was  of  interest  to  try  the  effect  of  the  addition  of 
small  amounts  of  lead  tetra-ethyl  to  heptane.  In  view  of  the  effect 
of  one  part  in  2000  on  detonation,  it  might  have  been  expected  to 
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raise  the  spontaneous-ignition  temperature,  but,  on  the  contrary, 
this  was  lowered  by  14  degrees  C,  and  amyl  nitrite  and  nitrate, 
which  Midgley  and  Boyd  found  to  bring  about  early  detonation, 
proved  to  raise  the  ignition  temperature  by  about  4  degrees.* 

The  actual  mechanism  of  the  action  of  bodies  such  as  lead  tetra- 
ethyl  and  amyl  nitrite  is  still  to  seek.  To  speak  of  '"  negative 
catalysis  "  is  merely  to  hide  the  mystery  in  other  words. 

Some  years  ago  the  authors  suggested  that  selective  picking 
up   of    radiant    energy    might    have    something   to    do    with    the 


*  Fuller  details  of  this  work  by  Omiandy  ami  Craven  will  appear  shortly  in 
the  J.I.  Pet.  Tech. 
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remarkably  different  behaviour  of  paraffins  and  aromatics  in 
the  spontaneous  -  ignition  meter  and  indeed  in  the  engine 
cylinder.  The  absorption  spectra  in  the  infra-red  of  these 
bodies  gives  some  ground  for  this  suggestion.  Unfortu- 
nately, the  necessary  apparatus  for  this  kind  of  work  is  very 
expensive  and  progress  is  consequently  slow.  Under  full-throttle 
conditions,  owing  to  the  high  temperature  of  the  exhaust  valve  and 
piston  head,  the  conditions  in  the  cylinder  bear  some  resemblance 
to  the  crucible  in  the  spontaneous-ignition  meter,  and  so,  too,  in  the 
fact  that  the  fuel  in  both  cases  is  supplied  in  the  liquid  state.  For  this 
reason  an  examination  of  the  conditions  in  the  ignition  meter  near 
the  critical  temperature  seemed  called  for.  The  not-yet-published 
work,  previously  referred  to,  deals  with  this  and  leads  to  the  con- 
clusion that  the  "  wait  period."  which  may  amount  to  half  a  minute, 
is  one  of  flameless  combustion,  during  which  the  temperature  is 
gradually  rising,  leading  to  eventual  explosion  if  the  temperature  is 
over  the  critical  temperature,  but  quite  measurable  for  many  degrees 
below  the  critical  temperature  even  when  no  explosion  occurs. 

The  obvious  suggestion  of  surface  combustion  is  not  borne  out  by 
experiments  made  in  the  presence  of  bodies  such  as  platinum,  silver, 
copper,  quartz,  or  porcelain,  either  in  the  massive  form  or  in  some 
cases  in  powder.  It  is  hard  to  believe  that  if  a  surface  effect  were  in 
question  there  should  be  no  appreciable  difference  under  such  varied 
conditions,  yet  such  is  the  case.  It  was  thought  of  interest  by 
Craven  and  Pond  to  try  the  effect  of  passing  heptane  or  toluene  and 
oxygen  in  about  the  theoretical  proportions  for  complete  com- 
bustion over  iron  in  an  electrically-heated  silica  tube  in  order  to  find 
out  the  temperature  at  which  carbon  dioxide  would  be  produced. 
This  was  found  to  occur  at  240'  C,  which  is  not  far  removed  from  the 
spontaneous-ignition  temperature  of  241°  C. 

In  the  case  of  toluene  having  a  spontaneous-ignition  temperature 
of  596^  C,  however,  the  first  evidences  of  COj  were  found  at  210°  C. 
Obviously  the  matter  wants  a  lot  of  further  investigation.  There  is 
little  doubt  that  flameless  combustion  must  take  place  in  the  cylinder, 
in  many  cases  even  during  the  compression  stroke. 

Equilibrium  Boilinrj  Point. 

The  temperature  shown  in  the  foregoing  Ricardo  experiments 
by  a  thermometer  placed  in  the  induction  pipe  is  considered  to  give 
indications  of  some  value  and  to  be  related  in  some  way  to  the 
temperature  at  which  50  per  cent  of  the  fuel  would  have  distilled  over 
under  standard  Engler  conditions.  It  may  be  suggested  that,  since 
the  object  of  good  carburation  is  to  get  the  whole  of  the  fuel  in  the 
vapour  form,  at  any  rate  by  the  end  of  the  compression  stroke,  a 
figure  of  interest  would  be  the  temperature  at  which  the  sum  of  the 
partial  pressures  of  all  the  numerous  constituents  of  the  average  fuel 
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would  together  amount  to  760  mm.  pressure,  supposing  that  this 
could  be  estimated  without  fractionating  the  fuel  at  the  same  time. 
This  problem  was  studied  by  Keith  and  Whatmough  in  designing 
their  ingenious  carburettor,  and  further  work  on  the  equilibrium 
boiling  point  and  latent  heat  of  mixed  fuels,  particularly  the  special 
fuels  made  up  of  petrols,  benzole,  acetone,  ethyl  and  methyl  alcohol 
and  water  used  in  racing,  might  be  referred  to.* 

Coiichisioxf!. 

At  a  very  early  stage  of  the  considerations  of  the  Empire  Motor 
Fuel  Committee  it  became  evident  that  in  addition  to  the  work  to  be 
done  by  Ricardo,  many  problems  of  a  chemical  and  physical  nature 
required  investigation,  and,  thanks  to  the  financial  assistance  of  the 
Distillers  Co..  Ltd.,  and  the  Department  of  Scientific  and  Industrial 
Research,  the  authors  of  this  chapter  were  able  to  investigate  a  num- 
ber of  problems,  and  the  preceding  notes  are  an  attempt  to  abstract 
such  portions  of  this  work  as  have  the  most  direct  bearing  upon  the 
investigations  comprised  in  the  whole  volume. 

A  list  is  appended  of  these  publicatioias,  some  of  which  may  prove 
of  interest  to  workers  in  special  fields. 

"  The  Relation  between  Alcohol-Water  Solubility  and  Spontaneous-Ignition 
Temperatures,"  J.I.  Pet.  Tech.,  1921,  7,  325. 

"The  Sj'stems  Ethvl  Alcohol-Water-Aromatic  Hvdro-carbons  from  30°  C.  to 
—  30°  C,"  J.I.  Pet.  Tech.,  1921,  7,  422. 

"The  System?  Ethyl  Alcohol-Water-Paraftins  from  plus  30°  C.  to  —  30°  C,  ' 
J.I.  Pet.  Tech.,  1922,  8,  181. 

"  Note  on  Solubility  of  Benzene  in  Weak  Alcohol,"'  J.I.  Pet.  Tech.,  1922.  8,  213. 

"Note  on  the  Effect  of  Small  Quantities  of  Volatile  Impurities  on  the  Flash- 
point of  Kerosene  "  (Craven  and  Banks),  J.l.  Pet.  Tech.,  1922,  8,  490. 

"  Further  Investigations  in  the  Physico-Chemical  Significance  of  Flash-Point 
Temperatures,"  J.I.  Pet.  Tech.,  1923,"  9,  33. 

"  A  Method  for  Expressing  the  Value  of  Mixing  Agents  between  Hydro-carbons 
and  95  Vol.  per  cent  Alcohol,""  J.I.  Pet.  Tech.,  1923,  9,  129. 

"  Equilibrium  Boiling  Point  and  Latent  Heat  of  Vaporisation  of  Motor  Fuels."' 
J.I.  Pet.  Tech..  1923,  9,  368. 

"  Some  Further  Studies  with  the  Moore  Spontaneous-Ignition  dieter,'"  J.I.  Pet. 
Tech.     In  press. 

"The  Effect  of  Thermometric  Lag  in  Engler  Distillation,"'  J.I.  Pet.  Tech.  In 
press. 

"The  Physical  Properties  of  Motor  Fuels,"'  Proc.  I.A.E..  Vol.  XVI.,  I'art  II., 
p.  143. 


Sec  J.l.  Pet.  Tech.,  Ormandy  and  Craven,  Vol.  9,  No.  39. 


FURTHER  NOTE  OX  FUEL  RESEARCH. 


Bv    H.    R.    RiCARDO. 


Since  the  completion  of  the  researches  described  in  the  preceding 
pages  further  work  has  been  done  which  is  germane  to  the  subject, 
of  which  the  results  are  herein  briefly  set  forth,  so  that  the  extent 
and  the  limitations  of  our  knowledge  at  the  present  day  may  be 
appreciated. 

As  regards  detonation,  undoubtedly  the  mo.st  important  recent 
work  is  that  of  Midgley  on  the  effect  of  the  organo-metal  compounds, 
of  which  lead  tetra-ethyl,  the  basis  of  the  '"  ethyl  fluid  "  marketed 
in  the  U.S.A.,  is  the  best  known — see  p.  305  ante.  The  author  has 
made  some  experiments  on  these  compounds  on  the  variable-com- 
pression and  on  other  research  engines.  On  the  variable-compression 
engine  the  following  results  were  obtained  : — - 

Fuel.  Highest  useful 

compression-ratio. 

Aromatic  free  petrol,  pure       4.85 

,,  ,,  .,      -r  0.  1  per  cent  lead  tetra-ethyl  ..      6.05 

,,  ,.  ,,      -f  0.2  per  cent  lead  tetra-ethyl  ..      6.85 

Petrol  "  J,''  pure       4..? 

-^  0.  1  per  cent  lead  tetra-ethyl 5.5 

Percentages  by  volume. 

These  figures  give  a  '"  toluene  value  "  for  this  substance  of  about 
40,000,  as  compared  with  67  for  benzene.     The  ratio  between  the 

<.        ■  1        1  •■  •         .    ,  ,  •     X,        40,000 

anti-knock       properties  of  these  two  substances  is  thus  — — — 

25 
=  597.  which  agrees  well  with  Midslev  s  figures  of  z—--,  or  625,  con- 

e     .  o  0.04 

sidering  the  difference  in  prcedure  and  apparatus.  No  explanation 
or  beginnings  of  an  explanation  appear  yet  to  have  been  found  as 
to  the  precise  behaviour  of  these  organic  compounds,  which,  unlike 
the  aromatic  compounds,  appear  to  have  no  influence  whatever 
either  upon  the  rate  of  flame  propagation  or  upon  the  "  self-ignition 
temperature  '"  of  the  fuel. 

The  contamination  of  the  lubricant  with  lead  salts  appears,  how- 
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ever,  to  be  at  present  a  serious  trouble.  'Thus  in  some  experiments 
on  a  4:in.  by  6in.  water  cooled  single-cylinder  unit  comparative 
endurance  tests  were  made  on  petrol  (Sliell  1)  with  and  without 
"  ethyl  fluid  "  in  the  proportion  of  7i  c.c.  per  gallon,  or  1  in  605  by 
volume.  This  quantity  was  sufficient  to  raise  the  detonation  point, 
in  the  variable-compression  engine,  by  1.2.  The  duration  of  each 
test  was  27  hours,  the  speed  being  900  revs,  per  minute  and  the 
brake  horse-power  5.5.  At  the  end  of  each  test  the  engine  was  dis- 
mantled and  the  carbon  deposit  collected  and  weighed.  With 
"  ethyl  fluid  '"  the  deposit  on  the  piston  top  was  of  a  slate  colour 
and  weighed  2.45  grams,  of  which  27.6  per  cent  was  incombustible 
ash.  With  undoped  petrol  the  deposit  was  1.8  grams  of  the  usual 
black  colour,  of  which  only  1.9  per  cent  was  ash.  The  lubricant 
around  the  piston  rings  was,  in  the  former  test,  clearly  contaminated 
with  lead  salts,  having  the  appearance  of  grey  paint,  but  the  guide 
surfaces  were  fairly  clean  and  the  percentage  of  ash  in  the  oil  was  not 
increased. 

A  similar  test  was  also  made  with  lead  tetra-ethyl  alone.  In  this 
case  the  deposit  was  so  severe  that  the  test  was  discontinued  after 
13|  hours,  the  piston  being  thickly  coated  with  a  white  deposit, 
which  had  so  contaminated  the  oil  on  the  rubbing  surfaces  that  these 
latter  were  practically  dry. 

It  is  clear  from  this  that  the  halogen  compounds  in  "  ethyl  fluid  " 
considerably  reduce  the  deposit,  but  until  it  is  completely  eliminated 
really  satisfactory  running  is  improbable,  as  contamination  of  the 
oil  by  solid  particles  cannot  be  tolerated. 

*Further  experiments  have  also  been  made  as  to  the  effect  of  adding 
inert  diluent  gases  to  the  charge.  It  has  long  been  known  that  such 
gases  tend  to  suppress  detonation,  and  cooled  exhaust  gases  have 
in  practice  been  used  to  dilute  fuels  such  as  kerosene  and  coke-oven 
gas,  which  detonate  at  low  compression-ratios.  In  these  experi- 
ments the  three  constituents  of  exhaust  gas,  nitrogen,  carbon 
dioxide,  and  steam  were  taken  separately,  and  their  effect  on  detona- 
tion and  range  of  burning  observed.  Oxygen  was  also  tested  as  a 
'*  negative  diluent."  The  engine  employed  was  the  variable-com- 
pression unit  used  in  the  fuel  research,  the  diluents  being  admitted 
through  holes  in  the  carburettor  choke-tube,  or  to  the  air  intake. 
The  carbon  dioxide  and  nitrogen  were  supplied  from  a  calibrated 
gas-holder,  while  the  steam  was  generated  in  a  small  electrically- 
heated  boiler,  calibrated  by  measurement  of  the  steam  supply  with 
various  electrical  inputs.  This  method  was  found  to  give  accurate 
results  and  to  be  very  convenient  in  operation.  Apart  from  these 
modifications  the  procedure  was  the  same  as  in  the  fuel  tests  recorded 
earlier,  a  check  test  with  no  diluent  being  made  simultaneously  with 
each  test  on  a  diluted  chargf^. 

*  See  The  Automobile  Engineer,  Jutiti,  1924. 
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From  tlie  results  of  these  tests  the  explosion  pressures  and  tem- 
peratures at  the  ratio  at  which  detonation  commenced  in  each  case 
were  calculated  employing  the  methods  and  data  iised  by  Tizard  and 
Pye.*  They  are  based  on  somewhat  arbitrary  assumptions  as  to 
heat -losses,  etc.,  and  thus  may  not  be  of  a  very  high  absolute  accuracy, 
but  relatively  to  one  another  they  should  not  be  far  wrong. 

The  results  obtained  bv  the  above  methods  are  given  in  Table  I. 


T.\BLE  I.- 


-Calcidated  Explosion  Temperatures  and  Pressures  with 
Various  Diluents. 


1 

.:> 

:i 

4 

5 

6 

Percentage 

Highest 

Flame 

E-xplosion- 

Rise  of  pres- 

Diluent. 

by 

useful 

tempera- 

pressure, 

sure  on 

Vol. 

compression- 

ture. 

lb.  per  sq.  in. 

ignition. 

ratio. 

=  C. 

gauge. 

lb.  per  sq.  in. 

Nil 



4.5 

2450 

4.50 

360 

CO, 

14.1 

5.55 

2150 

491 

365 

19. *i 

6.15 

2050 

520 

366 

Xo 

17.  1 

5.0 

2260 

461 

357 

27.1.5 

5.50 

21.30 

481 

358 

HjO 

2.8 

4.65 

2415      . 

458 

365 

4.5 

4.85 

2390 

473 

374 

8.9 

5.10 

2325 

485 

378 

O, 

:5.08 

4.12 

2590 

4.35 

356 

(=  N, 

-  13.0.-)) 

Column  2. — This  figure 


XOTES. 


Vol.  diluent  at  X.T.P. 


Vol.  (fresh  mixture  -|-  residual  exhaust)  at  X.T.P. 
Column  4. — Assumed  heat-loss  to  jacket  on  ignition  6  per  cent. 
Column   5. — Pressure  at  end  of    suction    stroke    assumed     14  1b.   per  sq.   in. 
absolute. 


Combustion  is.  in  all  cases,  assumed  to  be  complete  at  top  dead- 
centre. 

From  these  figures  it  will  be  noted  that  when  diluents  are  added  : — 

(1)  The  flame  temperature  of  detonation  falls  considerably. 

(2)  The  explosion  pressure,  on  the  other  hand,  rises  rapidly. 

(3)  The  rise  of  pressure  during  ignition,   i.e.,  explosion-pressure 

minus  compression-pressure  is  practically  constant,  Avithin 
the  errors  of  experiment,  when  either  nitrogen,  oxygen,  or 
CO.,  is  the  diluent.    AVith  steam  this  figure  rises. 

Referring  to  Figs.  1  and  2,  where  the  flame  pressures  and  tempera- 
tures respectively  at  the  detonation  point  are  shown  plotted  against 

*  Ante. 
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compressiou-ratio,  it  is  seen  that  the  nitrogen,  CO2,  and  oxygen 
figures  lie  practically  on  the  same  curve,  whereas  the  steam  figures 
are  uniformly  higher.  In  other  words,  steam  is  considerably  more 
effective  in  checking  detonation,  relatively  to  nitrogen  or  COo,  than 
can  be  accounted  for  by  the  difference  in  its  thermal  properties. 
From  this  it  appears  probable  that  some  chemical,  or  at  any  rate  non- 
thermal, characteristic  is  operating  in  this  case.  The  thermal 
equivalence  of  nitrogen  and  COo  renders  it  probable  that  with  these 
gases  no  non-thermal  characteristic,  or  only  a  small  one.  is  operative^ 
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Fig.    1.^ — Theoretical   explosion   pressures    at   observed  detonation 
points  with  various  diluents. 

C.C.M.  Calculated  curve  for  exhaust  products  of  complete  combustion- 
mixture. 


since  it  is  unlikely  that  any  chemical  property  would  be  the  same  in 
two  gases  differing  so  widely  in  nature. 

The  Causes  of  Detonation. 

Several  theories  have,  from  time  to  time,  been  put  forward  as  to 
the  nature  of  the  factors  which  are  responsible  for  detonation,  and 
it  is  of  interest  to  examine  them  in  the  light  of  the  figures  given 
herein.  The  influence  of  the  nature  of  the  fuel  need  not,  of  course, 
be  taken  into  consideration  in  this  case,  since  in  these  tests  one  fuel 
only  was  used.  The  earlier  theories;  that  detonation  is  a  function  of 
the  temperature  and  pressure  of  compression,  are  clearly  untenable, 
since  neither  of  these  factors  can  be  affected  appreciably  by  a  sHght 
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dilution  of  the  charge  with  a  cold  inert  gas.  The  theory  which  has 
received  most  support  in  recent  times  is  that  put  forward  by  Tizard, 
which  states  that  detonation  is  a  function  of  the  flame  temperature, 
i.e.,  that  for  any  given  fuel  there  is  a  definite  flame  temperature 
at  which  detonation  commences.  With  increase  in  compression- 
ratio  the  dilution  of  the  fresh  charge  bv  residual  exhaust  gases 
decreases,  owing  to  the  reduced  clearance-space,  and  the  flame  tem- 
perature consequently  rises.  The  effect  of  change  of  compression- 
ratio  upon  detonation  is  thus  explained,  as  is  also  the  comparatively 


Drop  in  flame  temp,  due  to  diluem   C 
AOO      j      300      I      200       I       100 


3-1702  = -13-05XN2 


EOOO 


£200 


2400 
Flame  temp  °C 


2G00 


Fig.    2. — Tlieoretieal   flame   teiuperatures  at    observed   detonation 
points  with  various  diluents. 

C.C.M.  Caleulnted  curve  for  exliaust  pi'fichicts  of  complete  combustion 
mixture. 


.slight  efiect  of  change  in  the  induction  temperature.  It  also  accounts 
for  the  elimination  of  detonation  by  throttling,  since  in  this  case  the 
proportion  of  residuals  in  the  charge  increases  and  the  flame  tempera- 
ture consequently  falls. 

This  latter  case  is  of  particular  interest,  since  the  flame  tempera- 
tures with,  various  degrees  of  throttling  can  be  estimated,  and  Tizard 
has  been  able  to  find,  in  some  experiments  which  he  has  previouslv 
published,*  some  quantitative  confirmation  of  his  theory. 

The  temperature,  and  therefore  the  density,  of  the  residuals  is, 
however,  a  little  uncertain,  and  this  renders  such  calculations  some- 
what speculative. 

*   Proc.  X.E.  Coast  Insl .  of  E.  and  S.     Vol.  XXXVIL 
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AVhat  this  theory  does  not  explain  is  the  fact  that  when  the 
atmospheric  pressure  is  diminished,  as  in  the  case  of  an  aero-engine 
at  high  altitudes,  the  tendency  to  detonate  also  decreases.  In  this 
case  the  flame  temperature  is  unaltered,  except  to  a  slight  extent  by 
change  in  the  jacket  loss  and  surrounding  atmospheric  temperature, 
since  the  pressure  of  both  fresh  charge  and  residuals  is  reduced 
equally,  so  that  detonation  should  not  be  appreciably  affected, 
whereas  the  effect  is,  in  actual  fact,  very  considerable. 

If  we  examine  this  theory  in  the  light  of  the  quantitative  data  now 
available,  Table  I.  makes  it  clear  that  flame  temperature  is  not  the 
sole  determining  factor,  since  it  varies  considerably,  for  the  same 
degree  of  detonation,  under  different  conditions.  It  might,  perhaps, 
be  argued  that  the  diluent  was  exerting  a  chemical  effect  analogous 
to  that  of  the  fuel,  but  it  is,  as  before  stated,  improbable  that  two 
gases  of  such  differing  nature  as  nitrogen  and  COj  should  have  a  non- 
thermal effect  so  exactly  in  the  ratio  of  their  thermal  properties.  It 
would  appear,  then,  that  the  flame  temperature  is  not  the  only  factor 
to  be  considered. 

The  explosion-pressures  likewise  show  no  sign  of  uniformity,  but 
the  "  explosion-pressure  rise  "  shows  a  most  marked  constancy. 
Except  in  the  case  of  steam  where  some  non-thermal  factor  appears, 
as  stated  before,  to  be  operative,  this  pressure-rise,  at  the  detonation 
point,  is  constant  to  —  LS  lb.  per  sq.  in.,  or  little  more  than  1  per 
cent  on  an  average  of  360  lb.  per  sq.  in.  The  corresponding  flame 
temperatures  vary  from  2050°  C.  to  2590°  C,  and  the  explosion- 
pressures  from  4351b.  per  sq.  in.  to  5201b.  per  sq.  in.,  so  that  the 
remarkable  constancy  of  the  pressure-rise  over  six  tests  under  such 
widely  different  conditions  can  hardly  fail  to  have  some  significance. 
Whether  the  pressure-rise  at  the  detonation  point  remains  constant 
when  the  conditions  are  altered  by  other  means,  such  as  throttling 
or  change  of  external  air  pressure,  cannot  at  present  be  determined, 
but  such  a  conjecture  would  in  both  cases  account  qualitatively  for 
the  effect  observed. 

It  is  well  known,  however,  that  heating  of  the  charge,  whether  by 
increase  in  jacket  temperature  or  by  induction-pipe  heating,  tends 
to  increase  detonation  to  a  small  but  definite  extent,  whereas  the 
■'  explosion-pressure  rise  "  must  necessarily  decrease  owing  to  the 
reduced  charge  mass.  We  cannot,  therefore,  maintain  that  detonation 
is  a  function  of  this  pressure-rise  alone,  and  can  only  suppose  that  the 
observed  constancy  of  this  factor  at  the  detonation  point  was  due  to 
its  being,  under  the  conditions  of  these  tests,  a  function  of  the  real 
determinant,  which  fact  may  afford  some  clue  as  to  the  latter. 

Detonation,  then,  appears  to  be  a  function  both  of  the  temperature 
and  pressure  of  combustion,  but  the  nature  of  such  function  is  not 
clear.  Logarithniic  and  semi-logarithmic  plotting  of  the  "  explosion  " 
pressures  and  temperatures  do  not  reveal  any  linear  relationship, 
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and  the  relation  between  these  two  factor.s  appears,  therefore,  not 
to  be  a  simple  one. 

A  point  of  interest  about  the  dilution  figures  is  that  the  maximum 
dilutions  tested  with  each  diluent  represent,  very  roughly,  the 
maximum  amount  which  could  be  added  wdthout  causing  mis- 
firing. That  these  proportions  should  be  widely  different  on  a  volume 
basis  was  to  be  expected,  but  the  flame  temperature  in  each  case 
would  be  expected  to  be  approximately  the  same,  if  the  effect  were 
purelv  thermal.  This,  however,  is  not  tlie  case,  as  will  be  seen  from 
Table  II. 

Table  II. 


Diluent. 

Percent  age 
hy  Vol. 

Limiting  flaiue 
temperature. 

Drop  in  flame  temperature 

due  to  dilution  at   limiting 

flame  temperature. 

CX)„ 
H.O 

19.6 
27.  15 

8.9 

2050 
2130 

2. 'J  2  5 

400 
320 

125 

Since  the  figures  only  represent  the  limiting  conditions  very 
roughly,  too  much  should  not  be  made  of  the  difierence  between 
CO2  and  N,,  but  the  restricted  range  of  dilution  with  steam  is  very 
noticeable.  Here  again  some  non-thermal  influence  appears  to  be  at 
work. 

Evidence  has  also  been  obtained  that,  with  very  weak  mixtures, 
such  as  can  be  utilised  with  hydrogen  as  fuel,  or  wdth  a  stratified 
charge,  the  tendency  to  detonate  is  much  reduced,  presumably  on 
account  of  the  low  "'  explosion  "  pressures  and  temperatures  under 
those  conditions.  This  is  illustrated  by  the  results  shown  in  Fig.  3, 
which  is  based  on  weak-mixture  tests  on  hydrogen  and  on  petrol 
with  a  stratified  charge. 


liaiKje  of  Banting.     Weak  Mixture  Operation. 

This  factor  has,  until  recently,  received  comparatively  little 
attention,  as  far  as  high-speed  engines  are  concerned,  not  through  a 
lack  of  appreciation  of  its  significance,  but  because  all  known  liquid 
fuels  vary  so  little  in  this  respect  that  the  question  w^as  of  small 
practical  importance  as  a  criterion  of  fuel  value. 

The  advantages  of  a  wide  range  of  available  mixture  strength  on 
the  weak  side  are  : — 

(1)  Very  appreciable  variations  in  the  air/fuel  ratio  are,  in  most 
cases,  met  with  as  a  result  of  carburation  and  distribution 
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errors.  Thus,  although  the  weak  limit  with  liquid  fu<.'ls, 
as  determined  on  a  single-cylinder  engine,  is  found  with  a 
mixture  about  20  per  cent  weak,  i.e.,  with  sufficient  fuel  to 
combine  with  80  per  cent  of  the  air,  the  necessity  of  obtain- 
ing such  a  mixture  in  every  cylinder  under  the  worst  com- 
bination of  carburation  and  distribution  errors  renders  it 
necessary,  with  a  multi-cylinder  engine,  to  use  an  average 
mixture  stronath  containins  a  definite  excess  of  fu«'l,  which, 


Percent  weak 
-50     -40      -30      -20 


'^''^SreTr^^^  Per  cent  rich 

-10  j       +10       +20      +30       +40     +50 


Fig.    3.— Compression -ratio    ratio    at    which    the   detonation   point 

becomes  apparent  with   varying  mixture   strengths.     Two   points 

are  also   shown  obtained  with   aromatic    free  petrol  when  working 

with  a  stratified  charge. 


of  course,  is  very  wasteful.  If  a  weaker  cylinder  charge  can 
be  used  this  loss  can  be  eliminated. 

(2)  For  part -load  operation  a  higher  thermal  efficiency  could  be 

obtained  by  "  quality  control."'  that  is,  by  running  with  a 
full  air  charge  and  a  reduced  fuel  supply,  than  by  "  quantity 
control,"  i.e.,  reducing  both  fuel  and  air  supply  propor- 
tionately. This  is  on  account  of  the  lo\ver  flame  temperature 
attained  in  the  former  case,  which  reduces  the  mean  specific 
heat,  dissociation,  and  direct  heat-loss  of  the  working  fluid, 
and  thus  gives  a  higher  cycle  efficiency. 

(3)  The  low  flame  temperature  of  a  weak  charge  is  of  great  value 

from  a  practical  point  of  view,  as  it  considerably  reduces 
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carbonisation  and  the  manifold  other  troubles  which  arise 
from  excessive  lieat-flow.  This  is  naturally  of  particular 
importance  in  air  cooled  cylinders. 

With  liquid  fuels  the  available  mixture  range,  as  explained  before, 
is  far  too  limited  to  allow  of  quality  control,  the  only  known  fuel  in 
which  this  range  is  measurably  extended  being  ethyl  ether,  of  which  a 
22  per  cent  weak  mixture,  that  is.  one  with  fuel  only  sufficient  to  com- 


4U 

jO 

^/o 

^ 

A-^ 

= 

1/ 

> 

< 

1 4;vrW^^ 

« 

/ 

Nfe 

fe30 

v?k 

I' 

\^.  1 

t- 

1                                ' 

o 

a; 

?5Vt 

/ 

1 

(= 

j     / 

/ 

^ 

^ 

o 

-c: 

1 

1 

OJ 

s 

^20 

o 

A                     i 

1      ^ 

o 

/\            !        i 

o 

d 

\    1        '        1 

Tn 

15 

s 

e 

o 

o 

\i 

s 

e                   a? 

v.                 1                     i   ^ — * 

o 

E 

!  ^^^1^:51^^'°" 

o 

3 

X 

" 

! 

20 


40 


60  80 

.M.E.P.  (Ib.per-sq.inJ 


100 


120 


0 
140        160 


Fici.  4. — Thermal  efficiency  obtainable  with  Hydrogen. 

Compression-ratio  5.45  :   1  ;    1500  revs,  per  niinute. 
Full  throttle  ;  no  heat  to  air  iiTTat^e! 
Fuel,  Hydrogen,  sitpply  varied. 


bine  with78  percent  of  theair,  can  be  used,  though  this  extensionistoo 
small  to  be  of  any  practical  value.  With  several  gaseous  fuels,  more 
particularly  coke-oven  gas,  the  range  is  considerably  greater,  and 
quality  control  "  is  to  some  extent  practised,  though  the  range  is 
not  sufficient  to  allow  of  an  engine  being  controlled  entirely  by  these 
means.     Recent  experiments,  however,  with  hydrogen  show  that 
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with  this  fuel  the  available  range  is  very  great  indeed,  so  much  so 
in  fact  that  the  variable-compression  research  engine  could  be  run 
with  the  throttle  wide  open  and  the  power  output  varied  from  nothing 
to  full  load  merely  by  control  of  the  hydrogen  supply. 

Under  these  conditions  some  remarkable  thermal  efficiencies  were 
attained.  This  is  well  brought  out  in  Fig.  4,  which  shows  the  results 
obtained  at  a  compression-ratio  of  5.45  :  1,  a  comparative  test  on 
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Fig.  5. — Effect  of  addition  of  Hydrogen  to  Petrol. 

Compiession-ratio  5.45  :   1;    1500  revs,  per  miiuite. 

Full  throttle  ;  no  heat  to  air  intake. 

Fuel,  Hydrogen  (supply  cons-tani)  and  Petrol  (supply  varied). 

petrol  being  also  shown.  The  thermal  efficiency  is  at  a  maximum 
at  60  lb.  per  sq.  in.  indicated  mean  efiective  pressure,  with  about 
100  per  cent  excess  air  in  the  charge^  being  37 . 5  per  cent,  whereas 
the  best  attained  wdth  petrol  was  32  per  cent,  with  about  15  per  cent 
excess  air.  ■  At  lower  powders  the  efficiency  rapidly  decreases,  due 
presumably  to  incomplete  or  retarded  burning,  though  even  Avith 
the  engine  idling  no  mis-firing  or  popj^ing-back  into  the  carburettor 
occurred,  and  the  running  was  perfectly  regular.     If,  however,  an 
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attempt  was  )nade  to  run  with  a  rich  hydrogen-air  mixture,  violent 
pre-ignition  occurred,  accompanied  by  firing  back  into  the  car- 
burettor, which  rendered  further  running  impossible.  Even  with  the 
compression-ratio  lowered  to  3.8  :  1  the  same  thing  occurred.  With 
a  7  :  1  compression-ratio  and  weak  mixture  running  was  quite  smooth 
at  light  loads,  and  the  excellent  indicated  efficiency  of  43  per  cent 
Avas  attained  at  74  lb.  per  sq.  in.  indicated  mean  effective  pressure, 
but  if  this  power  was  exceeded  pre-ignition  commenced. 

Another  valuable  characteristic  of  hydrogen  is  that  a  small  quan- 
tity will  act  as  a  "'  priming  "  charge  to  very  weak  petrol-air  and 


Fig.  6. — Effect  of  addition,  of  Hydrogen  to  Kerosene. 

Full  throttle  ;   1 500  revs,  per  minute. 

Fuel,   Kerosene    (supply   varied),   Hydrogen  (supply  constant).     Kero- 
sene : ; .     Hydrogen  O- 


kerosene-air  mixtures.  Thus  in  the  test  illustrated  in  Fig.  5,  which 
was  carried  out  in  the  variable-compression  engine,  a  fixed  quantity 
of  hydrogen  was  admitted,  just  sufficient  to  run  the  engine  on  no 
load  with  wide-open  throttle,  and  the  power  controlled  entirely  by 
means  of  the  petrol  supply.  The  high  efficiencies  attainable  with 
hydrogen  alone  are,  it  will  be  seen,  again  realised  while  the  maximum 
power  output  on  rich  mixture  is  attainable  without  any  pre-ignition 
or  popping-back.  Fig.  6  shows  a  similar  test  carried  out  with  kero- 
sene as  fuel.  In  this  case  an  indicated  mean  effective  pressure  of 
901b.  per  sq.  in.  could  be  carried  at  a  compression-ratio  of  5.5  :  1 
with  an  indicated  efficiency  of  35.5  per  cent,  though  severe  detona- 
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tion  occurred  when  running  on  a  normal  kerosene-air  mixture  even 
at  a  ratio  of  3.8  :  1,  the  thermal  efficiency  then  being  only  24.5  per 
cent.  When  running  at  this  lower  ratio  it  was  noted  that  the  sub- 
stitution of  hydrogen  for  a  part  of  the  kerosene  in  the  complete- 
combustion  mixture  considerably  reduced  the  detonation,  showing 
that  hydrogen  is  not  an  easily-detonating  fuel.  With  such  non- 
volatile fuels  the  hydrogen  appears,  moreover,  to  ensure  complete 
combustion  of  the  kerosene,  and  thus  eliminates  the  appreciable  loss 
by  incomplete  combustion,  which  is  usually  a  trouble  of  the  kerosene 
engine.  Thus  at  a  normal  mixture  strength  and  at  a  compression- 
ratio  of  3 . 8  :  1  the  indicated  thermal  efficiency  with  kerosene  alone 
was  24 . 5  per  cent,  and  with  kerosene  plus  about  10  per  cent  hydrogen 
28  per  cent. 

This  peculiarity  of  hydrogen,  which  distinguishes  it  so  markedly 
from  other  fuels,  is  due  presumably  to  its  much  higher  flame  velocity, 
but  it  is  not  clear  why  all  other  fuels  should  vary  so  little  in  this 
respect. 

Acetylene,  which  has  a  very  high  rate  of  flame  propagation,  might 
also  be  expected  to  behave  in  a  similar  manner,  but  tests  with  this 
gas  dissolved  in  acetone  do  not  show  any  appreciable  increase  in 
range. 

Some  experiments  have  been  made  as  to  the  efiect  on  the  available 
mixture  range  of  the  inert  diluents  of  which  the  effect  on  detonation 
had  been  investigated  prexiously.  Steam,  carbon  dioxide,  nitrogen, 
and  oxygen  were  all  tested,  in  most  cases  in  various  proportions  ;  the 
result  found  was  that  in  every  case  the  minimum  mean  effective 
pressure  attainable  was  the  same.  It  thus  appears  that  what  limits 
the  range  is  not  so  much  the  ratio  of  fuel  to  oxygen,  but  rather  the 
proportion  of  fuel  in  the  total  cylinder  charge.  It  is  difficult,  how- 
ever, to  determine  precisely  the  limit  of  weakness  with  the  short 
total  range  available  on  ordinary  fuels,  and  it  would  be  of  consider- 
able interest  if  similar  experiments  were  carried  out  using  hydrogen 
as  a  fuel,  since  the  range  in  this  case  is  so  large  that  small  differences 
would  be  measurable. 

Stratified  Charge. 

Another  method  of  extending  the  mixture  range,  well  known  in 
theory  but  little  applied  in  practice,  is  the  use  of  a  stratified  charge. 
This  is  done  by  admitting  the  charge  in  two  separate  portions,  one  a 
normal  or  easily-combustible  mixture  and  the  other  pure  air.*  These 
are  maintained  in  two  separate  layers  until  the  mixture  is  ignited, 
when  the  resulting  turbulence  mixes  the  two  layers,  forming  a  weak 
low-temperature  expanding  charge.  Obviously  this  method  will, 
in  theory,  give  a  complete  quality  control,  any  required  amount  of 
combustible  charge  being  admitted  and  the  rest  of  the  cylinder 

*  See  p.   80  ante. 
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charged  with  air.  The  difficulty  lies,  however,  in  keeping  the  two 
charges  from  mixing.  If  they  are  admitted  consecutively  through 
one  valve,  or  even  to  the  same  portion  of  the  cylinder,  almost  com- 
plete mixing  occurs,  but  it  has  been  found  that  by  admitting  the  main 
charge  through  the  usual  inlet  valve  or  port  and  the  air  charge  through 
a  ring  of  ports  at  the  end  of  the  suction  stroke  at  the  bottom  of  the 
cylinder  a  considerable  degree  of  stratification  is  attained,  provided 
only  that  the  excess  air  pressure  is  not  more  than  about  double  that 
of  the  main  charge.  Fig.  7  shows  a  test  made  on  a  single-cylinder 
unit,  the  two  curves  showing  the  mixture  range  with  and  without 
stratified  charge  operation.  In  both  cases  the  throttle  was  in  the 
same  position,  giving,  with  normal  operation,  about  half  full  torque. 
It  will  be  seen  that  the  weak  end  of  the  range  is  practically  identical 
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Fig.  7. — Stratification  limits.     Curve  N,  normal  running  ; 
Curve  S,  stratified. 
Fuel,  Petrol  A  50  per  cent,  Benzole  50  per  cent.     1300  revs,  per  minute. 


in  each  case,  showing  that  the  air  charge  does  not  appreciably  dilute 
the  mixture  round  the  plug  points,  while  the  great  extension  of  the 
rich  end  of  the  range  is  due  to  the  utilisation  of  the  supplementary 
air  by  the  excess  fuel  in  the  main  charge.  As  will  be  seen,  there  is  an 
appreciable  direct  reduction  in  fuel  consumption,  but  of  equal  signifi- 
cance is  the  enormously  increased  mixture  range  over  which  a  high 
efficiency  is  attained.  This  means  that  in  practice  considerable 
carburation  or  distribution  errors  can  exist  without  appreciably 
affecting  the  fuel  consumption. 

Ease  of  Starting. 

It  has  been  found  that  the  vapour  pressure  of  a  fuel  is  by  no  means 
a  satisfactory  guide  as  to  its  starting  properties.  This  appears  to 
be  due  to  the  fact  that  in  an  engine  the  vapour  is  drawn  from  a  limited 
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quantity  of  liquid,  of  which  the  final  composition  is  therefore  not  that 
of  the  original  fuel.  Better  results  were  obtained  by  finding  the 
weakest  air/fuel  mixture  which  could  be  ignited  by  a  spark  after  rapid 
compression  from  some  fixed  temperature,  the  compression-ratio 
being  about  4.0  :  1.  This  method,  though  rather  elaborate  and 
troublesome,  certainly  appeared  to  give  results  which  were  directly 
applicable  in  practice. 

Volumetric  Efficiency. 

Earlier  in  this  volume  (p.  109)  it  was  stated  that  no  adequate  reason 
could  be  assigned  for  the  observed  decrease  in  volumetric  efficiency 
with  increase  in  compression-ratio,  and  at  the  time  of  writing  this 
was  correct.  Recently,  however,  an  explanation  has  been  put  for- 
w'ard  by  J.  F.  Alcock,  of  Ricardo  and  Co.,  which  appears  to  explain 
adequately  this  peculiarity. 

At  the  end  of  the  exhaust  stroke  tbe  clearance-space  is  filled  with 
hot  residual  gases,  and,  owing  to  the  slow  motion  of  the  piston  near 
the  top  dead-centre,  these  hot  gases  are  for  an  appreciable  period 
not  cooled  to  any  serious  extent  by  admixture  with  the  fresh  charge. 
During  this  period  they  are,  of  course,  rapidly  losing  heat  to  the 
cylinder  w^alls,  and  any  contraction  due  to  this  w^iich  occurs  after 
the  closing  of  the  exhaust  valve  will  be  made  up  by  the  drawing  in  of 
a  corresponding  volume  of  fresh  charge,  with  a  consequent  increase 
in  the  volumetric  efficiency.  Now,  with  a  low  compression-ratio 
these  residual  gases  are  hotter,  and  form  a  greater  proportion  of  the 
total  charge,  than  with  a  higher  ratio.  Their  contraction  will  there- 
fore be  greater  with  the  low  ratio,  and  the  volumetric  efficiency  corre- 
spondingly higher,  as  has  been  seen  to  be  the  case.  It  should,  there- 
fore, be  of  advantage  to  take  any  steps  possible  to  increase  the  amount 
of  heat  transfer  taking  place  during  this  period.  This  could  be  done 
by  increasing  the  period  betw^een  the  closing  of  the  exhaust  valve 
and  the  opening  of  the  inlet  valve,  but  mechanical  considerations 
render  any  later  opening  of  the  inlet  valve  undesirable.  Increased 
turbulence  should  improve  matters  by  increasing  the  rate  of  heat 
transfer,  but  so  many  factors  are  influenced  by  a  change  of  turbulence 
that  it  has  not  been  found  possible  to  separate  out  this  effect. 

The  Present  State  of  Fuel  Knouiedge. 

Of  the  main  fuel  characteristics,  detonation  is  undoubtedly  the 
most  important,  but  it  is  also  now  the  one  on  which  most  data  are 
available,  though  we  are  still  in  ignorance  as  to  the  fundamental 
factors  upon  which  it  depends.  From  an  immediately  practical 
point  of  view"  it  may  be  said  that  the  behaviour  in  this  respect 
of  all  fuels  at  present  available  is  known  and  that  the  performance 
of  all  mixtures  can  be  predicted  with  reasonable  certainty.  Anti- 
knock "  dopes,"  however,  still  afford  a  wide,  and  probably  a  profit- 
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able,  field  for  investigation.  Those  at  present  known  have,  it  is  true, 
some  serious  drawbacks,  but  there  is  no  reason  to  suppose,  in  the 
present  state  of  knowledge,  that  other  more  practicable  substances 
may  not  exist. 

Fairly  complete  data  also  exist  as  to  the  influence  on  detonation 
of  physical  conditions  such  as  compression  temperature,  flame  tem- 
perature, etc.,  form  of  combustion  chamber,  position  of  sparking- 
plug,  turbulence,  etc.,  but  at  present  we  have  no  quantitative  know- 
ledge as  to  the  effect  of  charge  density  on  detonation.  A  determina- 
tion of  this  effect  would  be  of  considerable  value  as  rounding  off 
our  knowledge  of  the  physical  conditions  which  influence  detonation. 
When  this  has  been  done  further  progress  must  be  looked  for  from  the 
purely  theoretical  and  chemical  side. 

Mixture  Rujtge. 

Hydrogen,  the  one  known  fuel  on  which  a  really  adequate  range 
is  available,  is,  unfortunately,  impracticable  for  most  uses.  Except 
in  the  unlikely  event  of  some  liquid  fuel  of  similar  properties  being 
discovered,  or  some  manner  of  transporting  hydrogen  in  a  compact 
and  economical  form  being  found,  stratification  seems  the  only  hope 
in  this  direction.  It  seems  to  be  impracticable  to  rely  altogether  on 
''■  quality  control."'  It  is  possible,  however,  to  do  so  down  to  about 
half -load,  below  which  point  the  charge  mass  must  be  reduced. 
This  range,  however,  is  quite  sufficient  to  effect  a  very  substantial 
increase  in  efficiency,  while  eliminating  the  effects  of  carburation 
and  distribution  errors. 

Distribution. 

This  is  the  subject  above  all  others  on  which  information  is  at  pre- 
sent most  required.  Even  with  the  limited  mixture  range  ordinarily 
available,  it  is  possible  to  attain  in  practice  quite  good  efficiencies  in  a 
single-cylinder  engine,  but  with  a  multi -cylinder  engine  it  is  almost 
invariably  necessary  to  enrich  the  mixture  considerably  in  order  to 
make  sure  that  the  cylinder  reached  by  the  weakest  mixture  is  getting, 
under  all  conditions,  enough  fuel  to  run  on.  Unfortunately,  no  multi- 
cylindered  engines  suitable  for  research  have  yet  been  constructed, 
and  thus  there  are  practically  no  data  on  this  most  vital  question. 
Distribution,  in  fact,  is  probably  the  subject  on  which  research  is  at 
present  most  urgently  needed,  and  at  the  same  time  it  bids  fair  to 
prove  one  of  the  most  difficult  problems  to  tackle  in  a  comprehensive 
manner.  In  this  connection,  however,  the  use  of  a  stratified  charge 
and  some  form  of  mean-pressure  indicator  would  appear  to  have 
very  great  jDossibilities  as  a  means  of  determining  directly  and 
quantitatively  the  air/fuel  ratio  in  each  individual  cylinder  imder 
actual  running  conditions,  and  seems  likely  to  prove  by  far  the  most 
hopeful  method  of  attacking  the  problem. 
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Plate 


Fig.  4.--YuriciLle-co;iipi'cstiiu;i  ciigiiie. 


Plate    II 


ViG.  5. — View  of  cylinder  head  of  variable-compression  engine. 

The  inicrometer  shown  is  for  adjustment  of  the  cylinder  to  vaiious 

compression-ratios. 


Plate   III 


Fig.  6. — Fuel -naeasu ring  device. 
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